
UNCLASSIFIED

AD NUMBER
AD056235

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Dec 1954.
Other requests shall be referred to the
Office of Naval Research, 800 North Quincy
Street, Arlington, VA 22217-5660.

AUTHORITY
15 Feb 1960, ASTIA Tab NO. U-60-1-4; ONR
ltr, 13 Sep 1977

THIS PAGE IS UNCLASSIFIED



THIS REPORT HAS BEEN DELIMITED

AND CLEARED FOR PUBLIC RELEASE

UNDER DOD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON

ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASE;

DISTRIBUTION UNLIMITED,



AD_

CLASSIFICATION CHANGED FROM C ON F I D E N T I A L'

TOU N C L A S S IF I ED AUTHORITY LISTED IN

ASTIA TAB NO.___ u-1- DATE- 2= Feb.

-llrmed ervices I ec-hnica-Ilnformation lgency

ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

REPRODUCED FROM
BEST AVAILABLE COPY



CONFIDENTIAL

N OlELL REROfiAUTICAL LABORATORW, Inc.

MCC REPORT NO. DD-799-A-I

THEORETICAL STUDIES OF THE
PERFORMANCE OF

HEAT ENGINES USING PRESSURE WAVES

&,
J. .6. LOAN., JR.

Contract NONR-665-(O0)F DECEMBER 1956.

I

0U F F A L 0 -N E W/ Y 0 R K

II

A •A 91T. 4 ,
GONFIDENTIAL II 0'



CONFIDENTIAL

CORNELL AERONAUTICAL LABORATORY, INC.
BUFFALO, N. Y.

REPORT NO. DD-799-A-I
OFFICE OF NAVAL RESEARCH

CONTRACT NO. MONR-665-(O0)

THEORETICAL STUDIES

OF THE

PERFORMANCE OF HEAT ENGINES USING PRESSURE WAVES

By

J. 6. LOGAN, JR.

DECEMBER 1954

REPRODUCTION OF THIS MATTER IN ANY FORM, BY OTHE:R
THAN THE rOGRIZANT GOVEFRNIMENTAL ACTIVITY, IS NOV
AUTHORIZED EXCEPT BY SPECIFIC APPROVAL OF THE
COGNIZANT GOVERNMENTAL ACTIVITY.
11
TInS DOCUMENT CONTAINS INFORMATION AFFECTING THE

NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE
MEANING OF THE ESPIONAGE LAWS. TITLE 18 U. 5. C.
SECTIONS 793 ANO 79'1 . THE T -MICCION OR THE
REVELATION OF ITS CONTENTS IN ANT MANNER TO AN
UNAUTHORIZED PERSON IS PROHIBITED BY LAW.

CONFIDEP+TýLA



CONFIDENTIAL

ABSTRACT

Theoretical performance investigations have been undertaken for a number

of wave-engine configurations using the techniques of the method of character-

istics. The use of these nonstoady flow techniques permits a determination of

intermittent engine performance parameters such as thrust per unit area, specific

fuel consumption, compression efficiency and cycle time which are much more re-

alistic than those obtained by the use of the conventional quasi-steady or

steady-flow methods.

Because of the possible use of engines of this nature for a variety of

propulsion applications, a somewhat detailed review of the results of the studies

is included in this report° Two basic cycles were investigated. In one, part

or all of the initial mass of gas was burned during a single combustion period

per cycle. In the second, the initial combustion of a small portion of the

volume was used to compress the remaining mass of gas to a high pressure and

this compressed mass was also burned during the cycle.,

From these studies, it has been possible to draw some conclusions as

to the optimum engine geometry for maximum performance., For the single com-

bustion cycles, optimum values of specific fuel consumption of the order of
lo8 lbs0 fuel per iirolb0 thrust were indicated at M = 0.65 for standard conditions.

For the modified cycle, with secondary heat addition, optimum theoretical

specific fuel consumption values of the order of l15 were obtained,.

-- iD--
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INTRODUCTION

The recent development of techniques for the analysis of nonsteady

flow phenomena, including the effects of heat addition, has enabled the in-

vestigation of a large group of phenomena, hitherto not amenable to theo-

retical treatmcnt. Of especial interest is the application of these tech-

'niques to the study of the 'wave phenomena occurring in intermittent engines

of various kinds. For, from the resul.ting characteristic cycles or wave

diagrams, an estimate of nonsteady engine performance parameters such as

thrust per unit area, mass flow, cycle 'time and specific fuel consumption

may be obtained.

These techniques, consequently, are particularly adapted to the

study of the wave phenomena occurring in intermittent engines of the type

being investigated in this Laboratory This engine configuration consists,

essentially, of two concentric shells, subdivided.into a number of equal

passages 'and terminated at either end by a rotating disc valve. It is

possible, in any configuration such as this, to employ a relatively large

number of different thermodynamic cycles, since thie particular cycle would

be controlled by the relative combustion chamber volume, the location of

the combustion region, the valve phasing, valve geometry and valve timing.

This paper attempts to evaluate the possible merits of the simplest of

these cycles.
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The chief obstacle to the accurate determination of intermittent

engine performance is the lack of information concerning the heat addition

phenomena and the boundary conditions at the engine inlet and exhaust dur-

ing outflow and inflow0 Basic information with regard to the combustion

phenomena occurring under the highly turbulent flow conditions encountered

in practice is lacking. Consequently, it has been necessary to employ a

somewhat idealized heat addition picture in the cycle calculations. For

this purpose, the process of heat addition was represented by the following

modes of heat additiont

10 Constant volume combustion

2° Gradual beat addition with heat added at'a constant rate

The reasons for making these assumptions and the consequences are discussed

in detail in Appendix 2o

Although general methods of construction of the characteristic

4,.5or wave cycles can be found in a number of recent articles', details of

the method for application to specific problems are not as yet available

in print (see Reference 6). For this reason, a brief review of the proce-

dures is given in Appendix B, and a few specific examples are worked in

detail.

-2
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'1

The following performance parameters were obtained from the wave

diagrams:i (Ibso fuel hr.)1. Specific Fuel Consumption lb. thrust

2. Mass fldw per sec/sq.ft. (m/A)

3. Thrust per sq. in. (T/A)

4. Adiabatic compression efficiency
_ T

5. Thrust coefficient (CT = )

.6 Mass flow coefficient (Cm = m

7. Over-all efficiency

8. Entropy rise prio~r to compression

i~i 9. Etropy rise due.to wave compression

10. Entropy rise due to heat addition

11. Total entropy rise in the cycle

12. Pressure and temperature rise prior to heat-addition

13. Pressure and temperature rise due to heat addition

14. Cycle time

The methods used for determining these parameters are described in

Appendix 2. Although performance parameters were computed for sea-level

conditions, the method by which these results may be extended to other

altitude conditions is also given in Appendix 2.

IC F E I
CONFENTIA
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All of the wave engine cycles studied are included in Appendix 1.

A summary of the performance for the different configurations studied is

given at the beginning of Appendix I. All of the studies made were for

straight-tube configurations. The effect of changes in the following

quantities were investigated:

1. Air-fuel ratio

2. Combustion chamber mass and length

5. Cycle time

In Part 1 of this report, the performance of the wave engine is

discussed assuming the combustion zone occupies one-fourth of the tube

volume. The effect of an increase in the volume of the combustion region

to one-half of the tube volume is examined in Part 2. Possible modifi-

cations of these cycles are discussed in Part 5, including combustion

over the.whole tube volume at the same time and at different times.

(secondary combustion cycles). In each section the details of the cycles

are discussed and the performance for each cycle is summarized in Tables.

I

4
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-CHPRCTMISTIC STUDIES OF WAVE ENGINE PMMOM(LICE

In the first wave engine cycles selected for study and based upon the

experimental configuration , it was assumed that the optimum performance would

7i be obtained by continuously maintaining a shock wave in the tube, which would

be strengthened and reinforced by the heat-addition process, Fig. L. It was

believed that the strong shock wave resulting from valve closing and heat

fit
I I I

I ! /
ITime Compression Through

Relee Reflected Shock

i Discharge f

Ifo 
--• 

Burned Gas

1N K (- -"-ear Valve Closed

Fig. I

Assumed Characteristic Cycle
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addition could be used to obtain efficient compression prior to heat addition

if the valve timirg and tube length were such that the shock, reflected at the

inlet., would arrive at the exit valve upon completion of scavenging. At this

instant, the exhaust valve would be closed and the resultant shock reflection

would produce relatively high pressures in the combustion region prior to heat,

addition. For the initial investigation, a combustion region located adjacent

to the exhaust valve and occupyihg approximate•y one-fourth of the tube volume

was assumed. The first heat addition model constant volume combustion, was

selected primarily because of the simplicity of the calculations. Two differ-

ent asws•tions were made, the first that a constant pressure rise of four

atmospheres occurred during the heating process and the second that a constant

amount of heat* 520 BTU's per lb. of air, was added per cycle.

The cycles listed in Table 1 were investigated and the performance of

the various cycles is summarized in Tables 2, 3 and k*.

TABLE 1

CONSTAKT VOLUME COMBUSTION

Quarter-Length Combustion Chamber

Figures No. Cycle. I
Table (Appendix) Mach Number Heat Addition Assumption Constructed

-____ I•iitI _

2 1A B 1S, 10 K a o.65 Constant pressure rise 3
of 4 atmospheres 1

3 2.A, 2B, 2C N , 0.65 Constant air-fuel ratio, 3
31-L

43, 3B M = 0 Constant pressure rise 2

*In these tables and all subsequent diagrams and tables, performance calcula-

tions are for sea-level conditions.
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The principle features of the wave cycles are shown in the Appendix,

Figures 1A to 3B. The most significant feature of these studies is the rapid

increase in entropy observed from cycle to cycle as periodic conditions are

approached. A mass of air, initially entering the inlet, was found to require

approximately four complete cycles before it propagated through the tube and

reached the exhaust valve. Consequently, for three cycles, as can be seen from

Figs. 2A to 2C, the air mass would undergo alternate compressions and expansions

before heat addition, which resulted in a large increase in entropy due to the

passage of the strong shock waves, without an appreciable increase in the pres-

sure level.

In no case in these studies was a completely periodic condition attained

as indicated by the fluctuation in specific fuel consumption values, as well as

the increase in the total entropy of the air from cycle to cycle, Tables 2 and 3.

However, after three cycles, it can be seen that periodic conditions are gradu.-

ally being approached as all air particles from the third cycle on will have

approximately the same history of entropy losses as the air heated during the

third cycle.

The performance, wherever possible, is given in a dimensionless form in

the tables. The combustion chamber mass is given in terms of the ratio of the

mass in the combustion region to the total mass that would occupy the tube under

the free-flight flow conditions with the inlet and exit valves open and no

heat addition. The definitions of aciabatic compression efficiency, thermal

efioliency, propulsive efficiency and overall efficiency are defined in the

standard manner. Entropy rise (A a) is denoted in dimensionless units,

y • where - is the ratio of specific heats and R the gas constant. Pres.

sures are given in terms of the ratio of the actual pressures encountered to

I• i a reference ambient pressure, pc. Temperatures are also given in terms of a

ON -7-
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TABLE 2
CONSTANT VOLUME COMBUSTION, M1 = 0.65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 1A 1B iC 1c

Air-fuel Ratio 45.0 34.4 27.2 20.9

Combustion Chamber Mass 0.450 0.634 0.370

Specifio Fuel Ccnsumption 2.026 2.519 2.665

Hass Flow per sec./sq. ft. 31.55 42-23 32.58

Thrust per sq. in. 8.65 12.18 11.24

Adiabatic Compression Efficiency 0 0.642 0.343 0.229

Thrust Coefficient 0.588 0.829 0.765

Mass Flow Coefficient 0.369 0.494 0,381

Overall Efficiency 0.086 0.069 0.065

Entropy Rise Prior to Hammer Coop. 0 0.588 0.924 1.553

Entropy Rise Due to Hemmer Comps 0.044 0.007 0.151 0.165

Entropy Rise Due to Heat Addition 2.475 2.475 2.475 2.475

Total Entropy of Cycle 2.519 2.870 5.550 4.194

Pressure Before Heat Addition 2.334 3.608 3.161 .362I

Pressure After Heat Addition 9.555 14.450 1;.643 15.448

Temperature Before Heat Addition 1.296 1.690 2.136 2.811

Temperature After Heat Addltion 5.185 6.759 8.543 11.244

Cycle Ties 1.218 1.080 0.970 _

Combustion Chamber Length 0.25 0.25 0.25 0.25

-8-

CONFiDENTiAL J



CONFIDENTIAL

TABLE 3
CONSTANT VOLUME COMBUSTION, M1 , 0.65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 2A 2B 2C 2C

Air-fuel Ratio 61 31 31 31

Combustion Chamber Mass 0.450 0M560 0,.342 0.269

Specific Fuel Consumption 2ý530 2,085 2°387

" Mass Flow per sec./sq. ft. 3545 48.58 5176

Thrust per sq. in. 11.30 18.80 10.75

Adiabatic Compression Efficiency Oogl 0o51 0026 0o19

Thrust Coefficient 0.769 1.279 0.730

Mass Flow Coefficient 0o415 0.1569 0.372

Overall Efficiency 0.069 0.084 0.073

Entropy Rise Prior to Hammer Comp. 0 0.539 1.409 1.800

Entropy Rise Due to Hammer Comp.
0.044 0.,187 0.~2.,3 0.300

Entropy Rise Due to Heat Addition 3.o010 2.5376 2.191 1ý773

Total Entropy of Cycle
5 .05 3.086 6o600 35873

Pressure Before Heat Addition 2°334 4,644 &849 30553

Pressure After Heat Addition 12,600 17,416 11,,653 9°682

Temperature Before Heat Addition 1.296 2.073 2.,811 3'305

Temperature After Heat Addition 6 99d 7.775 8,,514 9.,007

Cycle Time 1.085 0,,985 0.920

Combustion Chamber Length 0,25 0,25 0.,25 0.25

CON1IDENI'TiAL
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TABLE 4
CONSTANT VOLUME COMBUSTION, M1 = 0

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) ZAS 5B 3B

Air-fuel Ratio 58.4 52.8 48.24

Combustion Chamber Mass 0.250 0.284 0.250

Specific Fuel Consumption 1.557 1.662

Mass Flow per sec./eq. ft. 11.86 14.43

Thrust per sq. in. 3.26 4.11

Adiabatic Compression Efficiency 11000 0.629 0.270

Thrust Coefficient 0.222 0.280

Mass Flow Coefficient 0.139 0.169

Overall Efficiency

Entropy Rise Prior to Hammer Comp. 0 0.085 0.334

Entropy Rise Dus to Hammer Comp. 0 0005 0.004

Entropy Rise Ouo to Heat Addition 2.475 2.475 2.475

Total Entropy of Cycle 2.475 2.564 2.815

Pressure Before Heat Addition 1I1000 1.256 1.214

Pressutre After Heat Addition 4.000 5.036 4.856

Temperature Before iloat Addition 1.000 1107 1.211

Temperature Atter Heat Addition 4.000 4.427 4.844

Cycle Time 1.800 1.680

Combustion Chamber Length 0.25 0.25 0.25

-10-
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ratio, the reference temperature being the ambient temperature, Lqo. Cycle

time is expressed in the dimensionless form

Z(cycle time) - s--tL

where: L is the overall tube length

ao is the ambient velocity of sound

V t is time, in seconds

Since all systems investigated were straight-tube configurations, the relative

combustion chamber volume is expressed in terms of percent of overall tube

length, Lc/L.

-All of the characteristics cycles were constructed in a dimensionless

form for a particular Mach number. The specific performance parameters

thrust/unit area, specific fuel consumption and mass flow/unit time/unit area

for the particular Mach number may therefore be obtained for any altitude by

substituting the appropriate values of pressure, density, temperature and

sound velocity. The performance parameters given in the Tables and Figures in

tle Appendix were determined for sea-level conditions. For any other altitude

condition, the performance parameters may be determined using the following

7i relations:

S(S.F.C .)alt . "O)altl
Sao)S.L. 2

(a0  .o)
(Thrust/unit area)alt.m (Thrust/unit area)S.L (a0 ;foaat.

(Mass flow/seo/unit area) alt- (Mass flow/see/unit area) (a

where: ao - ambient velocity of sound

'p a ambient density

S.F.o. specific fuel consumption (lbs.fuel/sec./lb.thrust)

S.L, sea-level conditions

alt. o altitude conditions

The compression efficiency, thermal efficiency, propulsive efficiency and overall

efficiency obtained for a particular Mach number do not vary with altitude.

CONFIDENTIAL
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The assumption of a constant pressure rise of 4 atmospheres was found to

be unsatisfactory. As can be seen from Table 2, as the entropy increased prior

to the heat-addition process, wore and more fuel was required in succeeding

cycles in order to sustain the assumed pressure rise. For example, at M - 0.65,

Table 2, the required air-fuel ratio varied from 45 to 20.94 Since periodic

conditions were being approached slowly and the entropy rise from cycle to cycle

was increasing rapidly, it appeared that a condition could be approached wherein

sufficient fuel could not be supplied in order to sustain the assumed pressure

rise, assuming a limiting air-fuel ratio of 15-1. Because of the unrealistic

nature of this assuaption, all subsequent calculations were made with a con-

stant amount of heat added per cycle, as in Table 3.

Although the diagrams were constructed for a particular quantity of

heat added per cycle at sea level to yield a constant fuel-air ratio, the

resulting temperature ratio can be correlated with a different amount of heat

and hence, a different fuel-air ratio at any other altitude, using the relation

. (f/a... (a 0
2 )alt.(f/a)alt' (f/a)'" (o)s.L. a 2 )s.L.

where: -9 - ambient tciperature

One unexpected outgrowth of these studies was the observation that the

quarter-length cycles would not conform to the original, ideal shook pictura.

In all the cycles studied, it was found, as periodic conditions were approached,

that the shock reflected at the inlet valve would propagate through the burned

gas before scavenging could be completed, even under the ideal conditions of

instantaneous heat addition. Consequently, the actual compression prior to

heat addition ocotiyred through a single shock generated by rapid closure of

the exhaust valve, Fig.II.

- 12 -
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S~Combuso.

IInflow -WCmu~
I/-Hamer Compression

Reflected Shock Passes' out of Tube During

L\I

Actual Charaoteristi c Cycle

The optimum compression obtainablej then, would be that of a "hammer" shook

:c reated as a result of rapid closure of the exhaust valve. Although this

I ! !process of compression by a "hammer" shook can be relatively efficient, the

characteristic studies indicated that the losses associated with the passage

i l of strong shooks through the unburned gas prior to compression seriously

1 reduced the resultant compression efficiency. For example, at M a 0.65,

I ' H(Table 3) in the third cycle, the rwsulting compression efficiency before

N E13 I
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heat addition was 26 percent. The resultant specific fuel consumption at this

Mach number was 2.4 lbs. fuel/hr./lb. thrust. The adiabatic compres•ion effic-

iency obtained in the next cycle which was not carried to completion was found

to be even less. Performance was determined by graphical integration of the

resultant pressure and momentum contributions assuming ideal exit flow condi-

tions. The value of specific fuel consumption was based on net thrust, i.e.1

exit momentum contributions minus the momentum of the incoming air.

Because of the relatively poor resultant performance and the unsatisfactory

heat-addition assumption, the study at M = 0 was not carried through the third

cycle, since it was observed that similar phenomena would occur,

In order to determine if the constant-volume, instantaneous-heat-addition

assumption tended to overemphasize the actual shock losses which would occur$

studies were also made assuming a gradual heat-addition process which would be

more closely related to the actual physical process0  The following cycles listed

in Table 5 were investigated.

TABLE 5

GRADUAL HEAT ADDITION

Quarter-Length Combustion Chamber

Figures Mach No. of Cycles
Table (Appendix Number Investi g at ed Comments

6 I4A,14B• C 0.65 3

7 5A, 5B 0.95 2 Initial conditions based
on 3rd cycle condition of
Table 6

8 6A, 6B, 6C 0.65 3 Effect of change in clos-
ing time of exit valve
after scavenging

9 7A 0o65 1 Study of effect of mass
removal at the inlet

CONFIDENTIAL
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Typical features of these cycles are shown in the Appendix, Figs. 4A to 7A,

and the performance is summarized in Tables 6-9.

Because of the assumption of a fixed period for the heat addition, the

resultant pressure rise depended upon the entropy values at the beginning of

the heat-addition process. Since the entropy before heat addition increased

from cycle to cycle, the ressul+tnt pressure rise due to heat addition decreased,

at M - 0.65, from 3.1 atmospheres in the first cycle to 1.4 atmospheres in the

third cycle. As can be seen from Table 6, for the beginning of the 4th cycle,

the total entropy rise before heat addition was somewhat less than in the previous

cycle. The performance figure quoted for the third cycle represents, therefore,

a performance very near that for the cyclic condition. Since the constant-

volume combustion calculations indicated a specific fuel consuimption of 2.4

lbs.fuel per hr./lb.thrust, the maximum performance values for this quarter-

length combustion cycle would lie in the specific fuel consumption range

2.4 - 2.,9.

The relatively low values of specific impulse obtained in the second

cycles, Tables 3 and 6, were due to the fact that the compressed gas had not

undergone the complete history of losses as in the third cycle and hence, the

pressures were achieved at compression efficiencies of about 50 percent as

compared to 30 percent in the third cycle.

The fuel consumption values varying between 2.4 and 2-.9 were much

larger than expected and these results were due primarily to the accumulated

entropy losses in the unburned gas prior to compression and heat addition.

The pressures of approximp tely three atmospheres, prior to heat addition,

were obtained at the expense of a considerable portion of the available

L• energy of the cycle,

Studies were also made at M = 0.95, Table 7, to determine if improved

inflow conditions could be obtained resulting in Mn increase in the mass of gas

G U-' 15.-
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TABLE 6
GRADUAL HEAT ADDITION, M1 = 0.65

PERFORMAN•CE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 4A 4B 4C 4C

Air-fuel Ratio 31 51 51 31

Combustion Chamber Mass 0.450 0.507 0.357 0.335

Specific Fuel Consumption 2.484 2.431 5.045

Mass Flow per sto./sq. ft. 27.26 33.44 25.27

Thrust per sq. in. 8.85 I1.10 6.17

Adiabatic Compression Efficiency 0.91 0.54 0.29 0.30

Thrust Coefficient 0.602 0.755 0.420

Mass Flow Coefficient. 0.319 0.391 0.272

Overall Efficiency 0.070 0.072 0.057

Entropy Ais Prior to Hammer CoOp. 0 0.305 0.870 0.797

Entropy Rise Due to Hammer Comp. 0.044 0.275 0.378 0.303

Entropy Rise Due to Heat Addition 3,170 2.777 2.515

Total Entropy of Cycle 5.214 3.355 3.763

Pressure Before Neat Addition 2.534 3.717 5.311 3.000

Pressure After Neat Additlow 7.293 6.168 4.611

Temperature Before Heat Addition 1.296 1.835 2.320 2.250

Temperature After Heat Addition 6.408 6.518 6.901

Cycle Time 1.410 1.295 1.310

Combustion Chamber Length 0.25 0.25 0.25 0.25

16
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TABLE *7

GRADUAL HEAT ADDITION, M1 = 0.95

(InitiAl Conditions from M1 z 0 65)

PERFORMANCE BASED ON FIRST SECOND

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE

Figure (Appendix) 5A 5B

' Air-fuel Ratio 31 31

Combustion Chamber Masm 0.269 0.414

Specific Fuel Consumption 4511 2-.?76

h Mass Flow per sec./sq. ft. 19.29 28.64

Thrust per sq. in. 3.,61 8.29

Adiabatic Compression Efficiency 0.19 0.31

Thrust Coefficient 0.246 0.564

Mass Flow Coefficient 0.226 0.335

Overall Efficiency 0M059 0.091

Entropy Rise Prior to Hammer Compression 1.782 i,096

Entropy Rise Due to Hammer Compression 0M00 0.380

Entropy Rise Due to Heat Addition 2.018 2.166

Total Entropy of Cycle 4.100 3,,642

Pressu.re Before Heat Addition 3.555 4.627

Pressure After Heat Addition 3.955 6.704

Temperature Belore Beat Addition 3.305 2.796

Temperature After Heat Addition 7ý634 70392

Cycle Time 1.190 1.235

Total Naas

Combustion Chamber Length 0425 0.25

ii -17 -
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TABLE 8

GRADUAL HEAT ADDITION, H1 = 0.65
Variation of Closing Time of First Cycle of IV

PERFORMANCE BASED ON TUBE LEFT TUBE LEFT TUBE LEFT

CHARACTERiSTIC CYCLE ANALYSIS OPEN UNTIL OPEN UNTIL OPEN UNTIL
= 1.350 3 = 1.560 Y = 2.750

Figures (Appendix) 6A 6B 6C

Air-fuel Ratio 31 51 31

Combustion Chamber Mass 0.450 0.460,O 0.450

Specific Fuel Consumption 1.986 1.855 1.853

!&ass Flow per sec./sq, ft. 24.03 20.95 12.61

Thrust per sq. In. 9.76 9.22 5.55

AdiabaticiCompression Efficiency 0.910 0.910 0.910

Thrust Coefficient 0.664 0.627 0.378

Mass Flow Coefficient 0.281 0.245 0.148 [

Overall Efficiency 0.088 0.095 0.095

Entropy Rise Prior to hamper Comp. 0 0 0

Entropy Rise Due to Hammer Camp, 0,044 0.044 0.044

..Entropy Rise Due to Heat Addition 5.170 .170 3.170i

Total Entropy of Cycle 3.214 3.214 3.214

Pressure Before Heat Addition 2.334 2.334 2.334

Pressure After Heat Addition 7.293 7.293 7.293

Temperature Before Heat Addition 1.296 1.296 1.296

Temperature After Heat Additiun 6.408 6,408 6.408

Cycle Time 1.600 1,835 5.050

Combustion Chamber Length 0,25 0.25 0.25
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TABLE 9

GRADUAL HEAT ADDITION, M4,- 0 65
Ffrect of Mass Pemov'l at, Inlet

PERFORMANCE BASED ON FIRST SECOND

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE

Figure (Appendix) 7A 7A

Air-fuel Ratio 31 31

Combustion Chamber Mass 0.450 O0526

Specific Fuel Consumption 2.850

Mass Flow per sec./sq. ft. 29.74

V Thrust per sq. in. 8_4_

Adiabatic Compression Efficiency 0.91 0.52

Thrust Coefficient 0.575

Mass Flow Coefficient 0o348

Overall Efficiency 01061

Entropy Rise Prior to Hammer Compression 0 0.140

Entropy Rise Due to Hammer Compression 0.044 0,,634

"Entropy Rise Due to Heat Addition 5170

Total Entropy of Cycle 3.214

Pressure B9forn Heat Additii. 2ý334 4.120

Pressure After Heat Addition

Temperature Before Heat Addition 11296 1960

Temperature After Heat Addition 6,,408

Cycle Time 1,290

Total Mass

Combustion Chamber Length 0.25 0..25
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consumed per cycle and a corresponding reduction in the entropy losses due

to shock passage in the unburned gas. The wave phenomena was such that, although

an improvement in mass flow was evidenced, the number of cycles required for a

particle to move completely through the tube remained approximately the same.

The mass flow increase resulted only from the increase in density corresponding

to the increase in Mach number. The results of calculations assuming gradual

heat addition for M - 0.95 are summarized in Table 7 and the details of the wave

cycle are shown in Fig. 5, In order to facilitate the calculations, the initial

cycle flow conditions were based on the flow conditions obtained in the third

-c.-, calculation for gradual heat addition. M - 0.65.

In all the previous investigations, the cycle studies were initiated by

assuming that the tube wac uompletely open and that free-flight flow conditior

were existing in the tube at the instant of closure of the rear valve. The

resultant hammer compression condition was then taken as the initial condition

for heat addition. As a result, the performance of the first and second cycles

was always superior to the performance of succeeding cycles, since the entropy

losses in the unburned gas were not accurately represented. With these initial

assumptions, it was always necessary to construct at least three cycles before

an accurate estimate of performance cou.d be obtained, Attempts to reduce the

calculation time by assuming arbitrary initial conditions to obtain more rapid

convergence as in Table 7 were found to be impractical. due to the impossibility

of duplicating the entropy distributions in the unburned gas as the periodic

condition was approached. This inability to accurately represent the correct

entropy distributions could lead to reduced performance,as in the first cycle

of Table 9 when the entropy was overestimated, or to exaggerated performance values

and high pressures prior to combustionjwhen as in some of the early unreported

investigations, the entropy increase was underestimated, Since the number of

cycles required for a particle to pass through the tube was not altered appreciably

- 20
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upon increasing the Mach number from 0.65 to 0.95y these studies were not con-

tinued.

It became obvious during these studies that the initial cycle visualized,

Fig. 1, in which a shock wave was maintained continuously in thc tube would not

be a practical configuration. In order to match the time of arrival of the

interface and the reflected shock, as indicated in Fig. 1, it would be necessary

to further reduce the relative combustion chamber length. This would lead to an

increase in the number of shock passages occurring in the unburned gas before the

actual process of compression and heat addition and result in a lower overall

performance than shown in Tables 2 and 6.

As a result of the necessity for improving the scavenging characteristics,

modifications of the quarter-length combustion cycle were investigated. The

first modification studied was the effect of discharging a portion of the unburned

gas during the cycle upon completion of the scavenging of the burned gas, see

Fig. 6. Instead of closing the exit valve upon completion of scavenging of the

burned gas, the exit valve was left open and cold air was permitted to escape,

Table 8. The exhaust of this high-velocity cold air caused an appreciable

increase in the cycle performance, decreasing the specific fuel consumption

from 2.5, Table 6, to 2.0, Table 8, The major disadvantage of this modifica-

tion was the long period required to complete the scavenging of the cold air

mase Figs, 6A, 6B and 6C. If only the portion of -wiburz-vud gaa possessing a

high velocity was scavenged, the remaining mass with a low velocity but still

possessing a relatively large entropy value would, upon closure of the exit

valve, result in a very low compression ratio prior to heat addition. Perfor-

mance in succeeding cycles would then be poor. As can be seen from Fig. 6C,

if the exit valve remained open until all the gas with a high entropy was

discharged, the total cycle time would be so long that the cycle would not be

a practical one. During the low velocity discharge phase, a shock is created at

the exit which propagates upstream further reducing the discharge velocity and

*increasing the total cycle time. - 21-CONFIDENTIAL
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The boundary condition applied during the outflow phase was the conven-

tional condition that the pressure was equal to the ambient pressure. This

condition, however, is strictly true only for the case of static operation.

During exhaust at high flight speeds when the exhaust velocity of the Jet is

less than that of the surrounding stream, it would be expected that shear

forces would be acting, tending to accelerate the flow at the exit, This would

occur because the total head of the surrounding stream would be greater than

that of the hot exhaust gas during the low velocity phase of discharge. The

assumption of ambient pressure conditions would hence be a conservative one for

the case of an engine discharging directly to the atmosphere and would tend to

cause an over-estimation of the required scavenging time.

Another method proposed by A. Hertzberg, that of mass removal at the

intake, was studied. This method involved the removal of a portion of the

unburned gas in the tube at the air inlet upon completi; n of the heat-addition

process. This air would be taken into a set of rotating tubes at the inlet and

readmitted into the wave tubes at a more favorable time to improve the scaveng-

ing, Fig. 7A, Table 9. In this cycle, however, no reflected shock passed

through the major portion of the burned gas to its scavenging velocity. As a

consequence, the performance of this cycle was much less than the first cycle

performance for the original cycle, Table 6. Although this cycle would permit

a greater amount of energy to be utilized in the compression process, resulting

in a higher pressure prior to heat addition, no improvement in compression

efficiency was observed over that of the original cycle, Table 6 and hence,

resulting cycles would show no significant improvement.

A conventional pulsejet cycle was also studied, Table 10., Fig. 8A, to

determine if a portion of thA hot gas exhaust could be utilized for compression.

An exhaust valve was located at the exit during the discharge to generate a

shock wave that would propagate upstream and compress the unburued gas prior

GCONFIDENTiAL
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TABLE 1-0

GRADUAL HEAT ADDITION, Hl 0

Fual3ejet Cycle

PERFORMANCE BASED ON FIRST SECOND

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE

Figure (Appendix) 8A 8A

Air-fuel Ratio 31 51

Combustion Chamber Mass 0.15 0.144

Specific Fuel Consumption 2.138

Mass Flow per sec./sq. ft. 10o34

Thrust per sq. in. 5.90

Adiabatic Compression Efficiency 1O00 0.925

Thrust Coefficient 0,265

Mass Flow Coefficient 0.121

Overall Efficiency

Entropy Rise Prior to Hamder Compression 0 0

Entropy Rise Due to Hammer Compression 0 0.028

Entropy Rise Due to Heat Addition 3o685

Total Entropy of Cycle 3A85

Pressure Before Heat Addition 1•000 1.485

Pressure After Heat Addition 2.,500
Tt.,5.3

Temperature Before Heat Addition1.O0I,0

Temperature After Heat Addition 5-671

Cycle Time 1_24

Total Mass

Combustion Chamber Length 0.,15 O11
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to heat addition, Fig. 8A. However, the velocity profile during discharge was

such that the exit valve could only be inserted in a low-velocity region in

order to obtain compression at the inlet at the proper time and hence, the

reflected shock did not result in an appreciable increa!e of pressure prior to

heat addition. These studies were therefore not extended.

In these investigations, the most significant improvement in performance

of the first cycle at M n 0O65 occurred, Table 8, when the cycle time was increased

to permit discharge of a portion of the unburned gas at high exit velocities. The

specific fuel consumption value of 2.5, obtained when only the hot gas was dis.

charged during the cycle, dropped to 2.0 when a portion of the high velocity

unburned gas was exhausted. In the quarter-length combustion cycleconse-

quently, a large amount of the available energy of the burned gas was trans-

ferred to the unburned gas through the shock wave. This energy, due to the

large entropy increase caused by the passage of shock waves, could not be

effectively used for compression in succeeding cycles.

Since this quarter-length cycle did not lead to a practical cycle, studies

of the effect of increasing the relative combustion chamber volume were initiated.

By increasing the combustion chamber volume and length, the reflected shock would

pass through the burned gas much earlier and hence, a considerable portion of the

available energy would be used in accelerating the burned gas during discharge,

Fig. i1I.

Performance studies of this conliguration indicated that an increase in

combustion chamber length to approximately one-half of the overall tube length

would, in addition, rednce the time of travel of a given air mass through the

tu.e to two cycles. Hence, the entropy loss incurred in the unburned gas would

be reduced to that corresponding to two shock waves, Fig.Ifl. However., since the

major portion of the energy would be utilized in accelerating the hot gas during

discharge, the characteristics studies indicated that a very small a-uount of the energy

- 24 -
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Fig. III

Effect of Change in Combustion Chamber Length
on Wave Engine Cycle

of the heat-additionprocess woild be available for compression-in 6cceeding.jcycles. In

effect, variations in the relative combustion chamber length could be used to

control the amount of energy utilized in the compression and expansion processes.

A number of different configurations were studied with the combustion

chamber length equal approximitely to one-half of the overall tube length.

These configurations are tabulated in Table 1-2. and the cycle diagrams are

included in the Appendix, Figs. 9A to 14A.

For these studies, although the initial value of the combustion chamber

length was selected as one-half of the total tube length, it was found that the

remaining volume of air in the tube which suffered an entropy increase due to

i -25
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TABLE 11

HALF-LENGTH C4BUtSTION C1. ,

a/f- 31/1

Figures Mach No. Cycles
Table (Appendix) f/a Number Combustion Mode Investigated

12 9A, 9B, 90 1/31 0.65 Constant volume combustion 3

13 lOA0IOBI0C 1/31 0.95 Constant volume combustion 3

14 llAM,11B,11C 1/31 0.65 Gradual heat addition 3

15 12AI12B,120 1/31 0.95 Gradual heat addition 3

16 13A,13B,13C 1/31 0.0 Constant volume combustion 3

17 14A 1/31 0.95 Constant volume combustion 3rdiCycle

shock passage occutAed a region in the next cycle slightly greater than the original

assumed length. In the constant volume calculations, Tables 12 and 13, the fixed

combustion chamber length was based on conditions found in the second or third cyqles,

As can be seen by comparing third cycle conditions, Tables 3 and 12, even

though the initial and final third cycle pressures were greater for the quarter-

length cycle than the half-length cycle, Table 12ý the overall entropy rise for

the quarter-length cycle was also greater, Consequently, the resultant perforwwice

of the half-length cycle was substantially improved over that obtained for the

quarter-length cycle. This was due primarily to the smaller losses encountered

in the unburned gas prior to compression.

Studies were also carried out at M = 0.95 assuming constant volume combus-

tion. The results, Table 13, indicated a slight increase in specific fuel

consumption with Mach number.-.

- 26 -
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TABLE 12
CONSTANT VOLUME COMBUSTION, M1 = 0.65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 9A 9B 9C 9C

Air-fuel Ratio 31 61 31 31

Combustion Chamber Mass 0.900 0.633 0.723

Specific Fuel Consumption 1.754 2.173 1.934

Mass Flow per sec./sq, ft. 58.93 24.98 50.81

I Thrust per sq. in. 17.90 9.27 12.84

Adiabatic Compression Efficiency 0091 0.31 0.53 0.34

Thrust Coefficient 1.218 0.631 0J875

Mass Flow Coefficient 0.456 0.292 0.361

"Overall Efficiency 0.099 0X080 0.090

"Entropy Rise Prior to Hammer Comp. 0 0.541 0.238 0.491

Entropy Rise Due to Hammer Comp. 00044 0.11i 0.115 0.108

Entropy Rise Due to Heat Addition 5.010 2.795 2.917 2.826

Total Entropy of Cycle 3.054 3.447 3.279 3.425

Pressure Before Heat Addition 2.534 1.694 1856 1 699

Pressure After Heat Addition 12o59E 8.090 9.564 8.227

Temperature Before Heat Addition 1.296 1.510 1.578 1.484

Temperature After Heat Addition 6,997 7.215 7.080 7.186

Cycle Time 1.975 2.164 2.005

Combustion Chamber Length 0o50 0.565 0.535 0355b

27-
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TABLE 13
CONSTANT VOLUME COMBUSTION, MI= 0.95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) lOA 10B OC 100

Air-fuel Ratio 31 31 31 31

Combustion Chamber Mass 1.116 0.674 0.862 0.762

Specific Fuel Consumption 2.086 2.200 2.065

Mass Flow per sec./sq. ft. 50.17 29.82 40.80

Thrust per sq. in. 19.40 10.95 15.93

Adiabatic Compression Efficiency 0.85 0°339 0.:567 0.4a0

Thrust Coefficient 1.320 0.744 1.084

Mass Flow Coefficient 0.587 0.349 0,478

Overall Efficiency 0.122 0.116 0.123

intropy Rise Prior to Hammer Comp. 0 0.718 0.287 0.450
Entropy Rise Due to Hammer Comp. 0.119 0.094 0.100 0.176

Entropy Rise Due to Heat Addition 2.826 2.608 2.803 2.687

Total Entropy of Cycle 2.945 3.420 3.190 3.312

Pressure Before Beat Addition 3.290 2.148 2.394 2.297

Pressure After Heat Addition 16.018 9.264 11.501 10.357

Temperature Before Heat Addition 1.474 1.721 1.499 1.629

Temperature After Heat Addition 7.176 7.423 7.201 7.3531

Cycle Time 1.900 1.930 1.805

Combustion Chamber Length 0,500 0.540 0.540 0.540

- 28 -

CONFIDENTIAL



CONFIDENTIAL

Cycles were also constructed assuming gradual heat addition, Tables 1;

and 15 For the study at M = 0,65, it was assumed that the exit was slightly

constricted in the initial cycle before heat addition. This assumption resulted

in a reduced pressure and flow condition prior to heat addition which led to a

more rapid cyclic condition. Since the combustion chamber length was selected

as 0.60 in succeeding cycles, a mixture of fresh gas and air that had previously

incurred an entropy penalty due to shock passage was obtained in the combustion

chamber. Carrying out the usual averaging process to obtain the new cycle con-

ditions resulted in a lower overall entropy rise and a resultant higher compres-

sion efficiency. This yielded a specific fuel consumption value of 1.8 as opposed

to 1.93 for the case of constant volume combustion. The heat-addition assumption,

for the low initial entropy level, resulted in pressure increases during the heat-

addition process of the same order of magnitude achieved for the constant volume

combustion picture, 5-6 atmospheres.

The performance study at M - 95, assuming gradual heat addition was

carried out assuming that only air from the previous cycle was included in the

combustion region for the succeeding cycle, Fig. 12, Table 15. For this case,

also, the resultant specific fuel consumption value, 2.0. was slightly larger

Sthan the specific fuel consumption for M - 0.65.

It may be concluded that the optimum performance for this cycle at M - 0,65

_ 2.lies between the specific fuel consumption limits 1.8 and 1,9, a'd, because of the

reduced shock losses, indicates an appreciable gain in performance over that of

"the quarter-length cycle.

It was observed during these studies that the amount of fresh air admitted

into the combustion region with the air that had previously incurred an entropy

penalty due to shock passage could appreciably alter the cycle results. The

calculations for the third cycle Table 13 were repeated. including only the air

that had undergone the shock passageq Fig. 14A, Table 17. The specific fuel

consumption in the approximately cyclic condition increased from 2.1, Table 15

I H to 2.5, Table 17. - 29
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TABLE 14
GRADUAL HEAT ADDITION, Ml-0.65

Initial Constriction at Exit = 0.70
Fxit Completely Open in Succeeding Cycles

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE AHALYSI CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 11A l1B 110 liC

Air-fuel Ratio 31 31 31 31

Combustion Chamber Mass 0.988 0.937 0. .86 0.969

Specific Fuel Consumption 1.881 1.855 1.807

Hass Flow per sec.Isq. ft. 35.63 29o53 32.40

Thrust per sq. In. 14.42 12.84 14,46

Adiabatic Compression Efficiency 0.98 0.78 0.75 0.81 j
Thrust Coefficient 0.981 0.875 0.984

Mass Flow Coefficient 0.394 0.346 0.579 ____

Overall Efficiency 0.093 0.094 0.096

Entropy Rise Prior to Hammer Compo 0 0.667 0.107 0.083

Entropy Rise Due to Hammer Coup. 0.010 0.055 0.050 0.026

Entropy Rise Due to Heat Addition 3.274 5.108 3.017

Total Entropy of Cycle 3.284 3.250 3.175

Pressure Before Heat Addition 2.021 1.998 2.189 2.082

Pressure After Heat Addition 11.991 11.486 12.185

Temperature Before Heat Addition 1.228 1.280 1.332 1.289

Temperature After Heat Addition 7.256 7.312 7.268

Cycle Time 2.510 2.710 2.60

"ombustion Chamber Length 0.60 0.60 0.60 0.60

- 30 -

CONFIDENTIAL



i" CON FIDENT IAL

TABLE 15
GFADUAL HEAT ADDITIUN, M1=0.95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHAxACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

I Figures (Appendix) 12A 12B 12C 12C

Air-fuel Ratio 31 31 31

Combustion Chamber Mass 1.116 0.816 0.828 0.772

Specific Fuel Consumption 1.932 1.892 1.983

17 Mass Flow per sec./sq. ft. 51o13 39.96 39.40
1'

Thrust per sq. In. 21.34 17.03 16.0,

"Adiabatic Compression Efficiency 0.855 0.478 0.568 0.548

Thrust Coefficient 1.452 1.159 1.090

Mass Flow Coefficient 0.599 0.468 0.461

* Overall Efficiency 0.132 0o135 0.128

Entropy Rise Prior to Hammer Comp. 0 0.376 0.220 0.205

Entropy Rise Due to Hammer Comp. 0.119 0.150 0.170 0.197

Entropy Rise Due to Heat Addition 2.910 2.767 2.932

Total Entropy of Cycle 5.029 3.295 3.222

Pressure Before Beat Addition 3.290 2.331 2.419 2.304

Pressure After Heat Addition 13.857 11.131 11.405

Temperature Before Heat Addition 1.474 1.572 1.505 1.4,91

Temperature After Heat Addition 7.118 7.431 7.274

Cycle Time 1.865 1.745 1.795

Combustion Chamber Length 0.50 0.55 0.515 0.b0
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TABLE 16
CONSTANT VOLUME COMBUSTION. M,1= 0

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 13A 13B 13C 13C

Air-fuel Ratio 1 31 31 51

Combustion Chamber Mass 0.500 0.477 0.557 0.441

Specific Fuel Consumption 1.872 1.949 1.673

Mass Flow per sec./sq. ft. 17.94 28.20 24.24

Thrust per sq. in. 7.75 11.67 11.69

Adiabatic Compression Efficiency 1.000 00516 0.298 0.115_-

Thrust Coefficient 0,526 0.794 0.795

Mass Flow Coefficient 0.210 0.330 0.284

Overall Efficiency

Entropy Rise Prior to Hammer Comp. 0 0.248 0.399 0.849

Entropy Rise Due to Hammer Coup. 0 0 0.377 0.042

Entropy Rise Due to Heat Addition 392 3.072 2.696 2.785

Total Entropy of Cycle 3.392 3.320 3.i,,,1 5.676

Pressaire Before Heat Addition 1.000 1.514 1.796 1.222

Pressure After Neat Addition 6.682 8.453 8.126 5.811

Temperature Before Heat Addition 1.000 1.244 1.612 1.512

Temperature After Heat Addition 6.682 6.946 7.294 7.194

Cycle Time 2.380 1.445 1.962

Combustion Chamber Length 0.500 0.392 0.500 0.546
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TABLE 17
CONSTANT VOLUME COMBUSTION, ,1 = 0°95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Fijures (Appendix) 10A 10B 14A

Air-fuel Ratio 31 _1__l

Combustion Chamber Mass 1.116 0.674 0.732 0.872

Specific Fuel Consumption 2.086 2.200 2.305

-• Mass Flow par sec./sq. ft. 50.17 31.29 36.46

Thrust per sq. in. 19.40 10.93 12.77

"Adiabatic Compression Efficiency 0 oOF 0.339 0.532 0.439

Thrust Coefficient 1o320 0,744 0,869

Mass Flow Coefficienf 0.587 0.349 0.427

Overall Efficiency 0.122 0.116 0.111

Entropy Rise Prior to Hammer Comp. 0 0.718 0.326 0.445

Entropy Rise Due to Hammer Comp. 0.119 0.094 00107 0.143

Entropy Rise Due to Heat Addition 2.826 ___2.608 2.797 2.708

Total Entropy of Cycle 2.945 3.420 3.230 3.296

Pressure Before Heat Addition 3.290 2.148 2.334 2.346

Presmure After Heat Addition 16.018 9.264 11.120 10.563

Temperature Before Heat Addition 1.474 1.721 1.514 1i628

* Temperature After Heat Addition 7.176 7.423 7.216 7.350

Cycle Time 1.900 1.840 1.715

Combustion Chamber Length 0o.50 0.540 0.475 0.605
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Studies were also carried out at N = 0 assuming constant volume combustions

Table 16, Figs. 13A to 13C. Periodic conditions were approached much more slowly

in this cycle as the degree of scavenging varied greatly from cycle to cycle.

Although a specific fuel consumption value of 1.7 was obtained in the third cycle,

the initial and fourth cycle conditions indicated that the resultant performance

would be much less than that obtained in either of the first three cycles, since

complete scavenging of the burned gas could not be obtained in a single cycle.

For this configuration with the half-length combustion chamber, the final

compression level prior to the heat..addition process was intermediate between the

ideal ram pressure recovery level and the ideal hammer recovery pressure level.

Although the cycle time for the half-length combustion cycle was in general of the

order of twice the length of the quarter cycle, the indicated thrust, in lbs./sq.in.,

was much larger for the half-length cycles, as shown in Table 18.

TABLE 18

VARIATION IN SPECIFIC THRUST WITH COMBUSTION CHAMBER VOLUME

Mach Thrust 1
Cycle Number Lbs./Sqoln. Heat Addition Mode Cycle

Quarter-length o.65 11.24 Constant volume 3
i

Half-length OC65 12.84 Constant volume 3

Quarter-length 0.65 6.17 Gradual heat addition 3

Half-length o.65 14.46 Gradual heat addition 3

Tn order to determine the effect of change in fuel-air ratio, the following

cycles were in.estigated for air-fuel ratios of 56 to le

TABLE 19

HAIF-LENOTH COM4BUSTION CHAMBER

Figures Mach No. Cycles
Table (Appendix) f/a Number Combustion Mode Investigated

20 !5A,i5B,l5C 1/56 o.65 Constant volume 3

21 16A,16B,,16c 1/56 0.55 Constant volume 3

22 17A,17Bol7C 1/56 O.65 Gradual heat addition 3
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It was observed that when the combustion chamber lengfh was held fixed, the

resultant specific fuel constmption values were slightly lower than those obtained

for the air-fuel ratio 3 lto 1. These results are, however, not of great signifi-

cance, since for lean air-fuel ratios, the pressure rise during the combustion

process, as well as the amount of fresh gas included in the combustion chamber in

succeeding cyclesvaries. To determine the effect of change in air-fuel ratio

alone, the 3rd cycle, M a 0.65, Table 20, was reconstructed, including only the

air from the previous cycle that had suffered an entropy penalty, This resulted,

Table 23, in a reduction in the combustion chamber length and an increase in spec-

ific fuel consumption for the 3rd cycle from 1.8 to 2.6, Fig. 18A. It is apparent

"from this study that the relative combustion chamber length is much more important

a factozý in determining the overall performance than the air-fuel ratio.

Since the compression ratio prior to the heat-addition process for the half-

length combustion cycle was found to be nearly equal to that for hammer compression

at the corresponding Mach number, the resultant performance should approach that for

3the hammer compression engine suggested by R. Weatherston of this Laboratory3. In-

the hammer compression cycle, the complete tube volume is assumed to be burned at

constant volume and completely scavenged in one cycle. The maximum compression

is assumed to be that of hammer compression at the corresponding Mach number.

Since the study at M w 0 for the half-length cycle, Fig. 13, indicated that complete

scavenging of one-half the tube could not be obtained at M = 0, this engine would

not operate in the static condition. The calculation of a hammer compression cycle

at X - 0.65, f/a - 1/31, Fig. 19A indicated that complete scavenging could be

achieved and that hammer compression equivalent to that occurring at the corres-

ponding flight Mach number could be obtained. The first cycle condition, Table 24,

with an adiabatic compression efficiency of 0.91 and a specific fuel consumption

of 1.8, consequently corresponded to the periodic condition. This saecific fuel

consumption value is somewhat better than that olotained for the corresponding half-

tube combustion configuration, 2.0, Table 12. The gradual heat addition assumption
-55 -
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TABLE 201
CONSTANT VOLUME COMBUSTION, M1. 0 65

I:

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH 1
CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 15A 15B 15C 15C

Air-fuel Ratio 56 56 56 56 I

Combustion Chamber Mass 0"900 0.752 0.824 0.805

Specific Fuel Consumption 1.638 2.184 1.763

Mass Flow per sec./sq.' ft, 35.73 26.76 29.38

Thrust per sq. in. 9.74 5.47 7.44

Adiabatic Compression Efficiency 0.927 0.445 0.630 0.581

Thrust Coefficient 0.663 0.572 0.506

Mass Flow Cotefficient 0.418 0.313 0.344 _

Overall Efficiency 0.106 0.080 0.099

Entropy Rise Prior 'to Hammer Comp. 0 0.301 0.155 0.191

Entropy Rise Due to Hammer Comp. 0.045 0,115 0.070 0.077

Entropy Rise Due to Heat Addition 2190 2.112 2,187 2.168

Total Entropy of Cycle 2.253 2.528 2.410 2.436

Pressure Before Neat Addition 2.533 1.751 1.850 1.816

Pressure After Nest Addition 7.97. 5.646 6.232 6.116

Temperature Before Heat Addition 1.296 1.382 1.299 1.320

Temperature After Heat Addition 4.420 4.507 4.424 4.445

Cycle Time 2.152 2.335 2.395

Combustion Chamber Length 0.500 0.585 0.583 0.585
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TABLE 21
CONSTANT VOLUME COMBUSTION, M1 = 0o95

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 16A 16B 16C 16C

Air-fuel Ratio 56 56 56 56

Combustion Chamber Mass 10116 0.854 0.958 0.924

I i Specific Fuel Consumption 1.781 1.975 1.909

Mass Flow per sec.lsq. ft. 48.52 54.91 40.83

SThrust per sq. in, 12.16 7.89 9.55

Adiabatic Compression Efficiency 0.855 0.462 0.613 0.583

Thrust coefficient 0.827 0.537 0.650

Mass Flow CoefficIent 0.568 0.409 '0.478

Overall, Effioisny9 0.143 0.129 0.133

Entropy Rise Prior to Hammer Comp. 0 0.450 0.192 0.225

Entropy Rise Due to Hemmer Comp, 0.119 0.105 0o1.95 0.131

Entropy Rise Due to Heat Addition 2.058 1,945 2.040 2.058

Total Entropy of Cycle 2.157 2.498 2.368 2.394

Pre'seure Before Heat Addition 5.290 2.315 2.397 2.314

Pressure After Neat Addition 10.299 6.875 7.518 7.249

Temperature Before Heat Addition 1.474 1,587 1.463 1.465

Temperature After Heat AdditiOn 4.614 4.712 4.588 4.589

Cycle Time 1.965 2.090 2.005 1

Combustion Chamber Length 0.500 0,585 0.585 0.585
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TABLE 22 [
GRADUAL HEAT ADDITION,MI=0,,65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

"Figures (Appendix) 17A 17B 17C 17C 1

Air-fuel Ratio 66 56 56 56

Combustion Chamber Mass 0.900 0.746 0.577 0.849

Specific Fuel Consumption 1.568 1.818 2130

Mass Flow per sec./sq. ft. 39.,34 .32.26 27.00

Thrust per sq. In. 11J20 7.92 5-:,66

Adiabatic Compression Efficiency •0.95 0.54 0.53 0.48

Thrust Coefficient 0.762 0°539 0.385

Mass Flow Coefficient Oý461 0.378 0.316

Overall Efficiency 00111 0.096 0O082

Entropy Rise Prior to Hammer Comp. 0 0,128 0.112 0,,155

Entropy Rime Due to Hammer Comp. 0.044 0.178 ).163 0M290

Entropy Rise Due to Heat Addition 2ý261 2.193 2.229

Total Entropy of Cycle 2.305 2.499 2.504

Pressure Before Heat Addition 2.330 1.796 1.651 1ý990

Pressure After Heat Addition 7.863 6.896 6,,052

Temperature Before Heat Addlion 1.295 1.335 1.288 1.454

Temperature After Heat Addition 4.533 4.718 4.554

Cycle Time 1.955 1.975 1.825

Combustion Chamber Length 0°500 0°555 0°450 0°620

CONFIDENTIAL



CONFIDENTIAL

TABLE 25
CONSTANT VOLUMF COMBUSTION, M1 =0 .65

PERFORMANCE BASED ON FIRST SECOND THIRD FOURTH

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE CYCLE CYCLE

Figures (Appendix) 15A 15B 18A

Air-fuel Ratio 56 56 56 56

Combustion Chamber Mass 0,1900 0.732 0.584 0.767
Specific Fuel Consumption 1638 2.184 2.582

_ _ _ __ 2.18

Mass Flow per sec./sq. ft. 35.73 29.09 26.74

Thrust per sq. in. 9.74 5.47 4.62

Adiabatic Compression Efficiency 0.927 0.445 0.506 0.400

Thrust Coefficient * 0.663 0.372 0.314

Mass Flow Coefficient 0.418 0.313 0.313

Overall Efficiency 0.106 0.080 0.067

• Entropy Rise Prior to Hammer Coup. 0 0.301 0.226 0.275

Entropy Rise Due to Hammer Coop. 0.043 0.115 0090 0.242

Entropy Rise Due to Heat Addition 2.190 2.112 2.171 2.050

Total Entropy of Cycle 2.233 2.528 2.488 2.567

Pressure Before Heat Addition 2.333 1.731 1.683 1.791

] Pressure After Heat Addition 7.973 5.646 5.677 5.644

Temperature Before Heat Addition 1.296 1.382 1.517 1-452

Temperature After Heat Addition 4.420 4°507 4.442 4.578

Cycle Time 2ý152 2.150 1.865

Combustion Chamber Length 0.50 0.585 0.457 0.622
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TABLE 24

CONSTANT VOLUME COMBUSTION,M 1 =065

PERFORMANCE BASED ON FIRST SECOND

CHARACTERISTIC CYCLE ANALYSIS CYCLE CYCLE

Figure (Appendix) 19A 19A

Air-fuel Ratio 51 31

Combustion Chamber Mass 1o800 1.800

Specific Fuel Consumption 1.807

Mass Flow per sec./sq. ft. 40.45

Thrust per sq. in. 18o05

Adiabatic Compression Efficiency 0o91 0o91

Thrust Coefficient l1228 J
Mass Flow Coefficient 00474

Overall Efficiency 00096

Entropy Rise Prior to Hamnler Compression 0 00006

Entropy Rise Due to Hammer Compression 0o044 0.044

Entropy Rise Due to Heat Addition 3.010 3.010

Total Entropy of Cycle 30054 35054

Pressure Before Heat Addition 2.534 2.354

Pressure After Heat Addition 12.588 12.588

Temperature Before Heat Addition 1.296 1o296

Temperature After Heat Addition 6.996 6.996

Cycle.Time 3.800

Total Mass

Combustion Chamber Length .oO0 1.00
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for the half-tube cycle, however, yields approximately the same performance as the

hasmer cycle3 Table 12. The major objections to the use of the hammer cycle may

be in the actual achievement of rapid volume combustion and the relative long period

of time required for complete scavenging. The total cycle time is approximately

twice that of the corresponding half-tube cycle and forr times that of the corres-

ponding quarter-tube cycle.

During the characteristic studies, it was observed that a very high pressure

region was created upon reflection of the reinforced hammer shock at the inlet valve,

Fig.IV. For example, from Table 2, Fig. IA, with an initial presstire of 2.33 atmos-

pheres before heat addition and a 4 atmosphere pressure rise during combustion, a

pressure of 10 atmospheres wab obtained after the shock reflection at the inlet valve.

This pressure was obtained with a compression efficiency of 78 percent. H.R. Lawrence

and J. 0. Logan of this Laboratory suggested that. heat addition at this point might

lead to improved performance, since a portion of the air in the tube would be burned

at relatively high pressures and that the compression would occur with reasonable

efficiency. The basic characteristics of this cycle are indicated in Fig. IV.

/ Hot Gas 0

!/•%Interface /

Inlet CombustionSivalve -- /
Closed'..'.

f•~~lce I Expansion

I Shook

4-Valve
_ Closed

oCombustion
Fig. IV

Typical Cycle Configuration with Secondary Combustion
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After completion of the combustion at (1) the exit valve, fuel would be

injected at a point adjacent to the inlet valve (2) after the shock reflection*

The various configurations studied are summarized in Table 25.

TAMlh 25

SECONDAR CORBUSTI0N CYCLES

M - 0.65

f/a % Mass in
Figures Tube BuErned

Table (Appendix) (1) (2) (1) (2) Total Combustion Model

"M 20A 1/31 1/31 38 61 100 Constant volume combustion

27 21A 1/31 1/31 29 29 58 Constant volume combustion -1

28' 22L 1/31 1/31 31 31 62 Gradual heat addition

29 23A 1/56 1/56 55 45 100 Gradual heat addition

30 24A 1/56 1/56 55 45 100 Constant volume combustion

31 2•%' 1/56 1/56 23 77 100 Constant volume combustion

32 26A 1/34 1/56 24 76 100 Constant volume combustion

During the calculation of the cycles. it was observed that the expansion waves

generated at the exit due to the opening of the rear valve could exert an appreciable

effect upon the pressures obtained at the inlet with respect to both the duration of

the pressure level a,'l the magnitude. For exaple, during the gradual heat addition

calculation, Table 28s Fig. 22A, the pressure dropped from 10 atmospheres before

heat addition to 6 atmospheres after heat addition. Even so, the resulting specific

fuel consumption value of 1.6 was superior to the value 1.8 obtained with the half-

tube cycle. Table 14. This may have been due, however, t.o Lhe presence of unburned

cold air in the tube which was exhausted at a high velocity leading to a form of

augmentation.

-42 -
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TABLE 26

CONSTANT VOLUME COMBUSTION, M
Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
COMBUSTION COMBUSTION

C Y C L E A NA LY S IS I MUMI'Ii

Figure (Appendix) 02A

Air-fuel Ratio 31 31

F Combustion Chamber Mass 0.650 0.996

ISpecific Fuel Consumption 2.111

Mass Flow per sec./sq. ft. 43.47

Thrust per sq. In. .0

Adiabatic Compression Efficiency 0.910 T 0.676

Thrust Coefficient 1o129

Mass Flow Coefficient 0:509

Overall Efficiency 0.083

Entropy Rise Prior to Hammer Compression

Entropy Rise Due to Hammer Compression 0.043 0.067

Entropy Rise Due to Heat Addition 3.011 2.059

Total Entropy of Cycle 3.054 __2.621

Pressure Before Heat Addition 2.350 135443

Pressure After Heat Addition 12o594 42,578

Temperature Before Heat Addition 1.295 2.631

Ii Temperature After Heat Addition 6996 8.332

Cycle Time 3.195
It,. --__ _ _ _ _ _ _ _ _ __ _ _ ._ _ _ _ __ _ _ _ _ _ _ _ _

Total Mass 1.626

1.Combustion Chamber Length 0.1JIII0195
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TABLE 27

CONSTANT VOLUME COMBUSTION, M1 = 0,65

Double Burning

PERFORMANCE BASED ON CiARACTERISTIC FIRST SECOND

CYCLE ANALYSIS COIMBSTION COMBUSTION
II

Ficure (Appendix) 21A 21A

Air-fuel Ratio 31 31

Combustion Chamber Mass 0.450 0.450

Specific Fuel Consumption 1o25

Mass Flow per sec./sq. ft.
____ ___ ___ ____ ___ ___ ____ ___ ___ ___26ý19

Thrust per sq. in. 15o00

Adiabatic Compression Efficiency 0 7910 07678

Thrust Coefficient 0.884
Mass Flow Coefficient 0.3 "

Overall Efficiency 0.107

i -IiA

Entropy Rise Prior to Hammer Compression 0 0.495

Entropy Rise Due to Hammer Compression 0.044 0.070

Entropy Rise Due to Heat Addition 32010 2.037

STotal Entropy of Cycle 3.054 2.602

Pressure Before Heat Addition 2.334 14.266

Pressure After Heat Addition 12.600 44.,630

Temperature Before Heat Addition

Tempe'sture After Heat Addition 61996 8.381

Cycle Time 2.935

Total Mass 1.575

"Combustion Chamber Length 0.250 0,085
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TABLE 28

CONSTANT VOLUME COMBUSTION, 141 - 0,65
Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
COMBUSTION COMBUSTION

CYCLE ANALYS IS I I I

Figure (Appendix) 22A 22A

Air-fuel Ratio 31 3)

Combustion Chamber Mass 0.450 0.450

Specific Fuel Consumption 1o1

"Mass Flow per sec./sq. ft. 23.48

- Thrust per sq. in'.11i.83

Adiabatic Compression Efficiency 0.910 0.761

Thrust Coefficient 0805

Mass Flow Coefficient 0.2"5

Overall Efficiency 00109

Entropy Rise Prior to Hammer Compressiion 0 0.306

Entropy Rise Due to Hammer Compression 0.044 0.052

Entropy Rise Due to Heat Addition 35170 2.742

Total Entropy of Cycle 5.214 30100

Pres-sure Before Heat Addition 2.334 100548

Pressure After Heat Addition 7.295 5.858

Temperature Before Heat Addition 1.29C 2.262

Temperature After Heat Addition 6.408 5.726

Cycle. Time 3.275

Total Mass 1,450

Combustion Chamber Length
0.250 0.100
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TABLE 29
Gradual Heat Addition , H1 =065

Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYS IS COMBUSTI OC0MBUSi ION

Figure (Appendix) 23A 23A

Air-fuel Ratio 56 56

Combustion Chamber Mass 0o.900 0o751

Specific Fuel Consumption 1.681S' I
Mass Flow per sec./eq. ft. t9o08

Thrust per sq. in. 10038

Adiabatic Compression Efficiency 0.930 0.855

Thrust Coefficient 0.706

Mass"'Flow Coefficient 0.457

Overall Efficiency 0.104

Entropy Rise Prior to Hammer Compression 0 00115

Entropy Rise Due to Hammer Compression 0.044 0.015

Entropy Rise Due to Heat Addition 2.261 2.005

Total Entropy of Cycle 2.305 2.151

Preosure Before HeaL Addition 2.330 9.630

Pressure After Heat Addition 7.863 5.850

Temperature Before Heat Addition 1.295 2.065

Temperature After Heat Addition8 4.555 ] 5.881

Cycle Time
3.610

Total mass I , ,..

Combustion Chamber Length

- 46 -.
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.ri Studies of the constant volume cycle were made with all of the gas mass

being burned dvring the cycle in the first and second burning periods, and with

only a part of the total mass being consumed. As the heat addition process in

the second region occurred in each c--se at approximately the same pressures. a

U direct comparison of the augmentation effect could be obtained. The results

for the cycle with exhaust of cold air indicated a lower specific fuel consump-

tion., 1.63, Table 27, Fig, 21A, than for the case of combustion of all the enclosed

air mass, 1.98, Table 26, Fig. 20A, it Js interesting to note that the specific

fuel consumption for the hammer cycle 1,8, Table 24l, was somewhat less than the
P! specific fuel consumption value obtained in Table 26. The presence of the strong

shocks due to the constant volume combustion assumption may have contributed to

the somewhat higher specific.fuel consumption value obtained. It can .be seen from

Fig. 20A that the strong shock generated during the second combustion period as a
result of the assumed constant volume combustion mode results in an appreciable

entropy rise of the gas through which it passes before reaching the exit valve.

The entropy of the gas encountering the shook was increased from 3.054 to 3.281.

It is this gas mass that generates the major portion of the impulse. On the other

hand, because of slow build-up of the shock with the gradul-heat-addition assump-

tion) Table 29, no significant entropy rise occurred, Fig. 23AO as a result of the

shock passage. Since the pressure before heat addition of 9 atmospheres was

' l obtained at a compression efficiency of 86 percents and since the gradual buildup

in shook strength probably more nearly corresponds to the actual phenomena, future

investigations of the cycle may lead to much improved performance. This is also

partially confirmed by the results of constant volume calculations assuming an

L.! air-fuel ratio of 56 to i, for which case considerabl4 reduced pressures after

heat addition were obtained. The use of the relatively lean mixtures, Table 5,0

Figs. 23L to 2OA, indicated that somewhat reduced specific fuel consuption

values could be obtained if all the gas was burned at the same air-fuel ratio,

- 47 -
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the specific fuel consumption values varying between 1,51 Rnd 1.61 for the combus-

tion of different relative volumes, Tables 50 and 51, Figs. 24A and 25V. When a

rich initial mixture was employed, Table 32, Fig.. 26A, in order to increase the

initial pressure, no performance improvement was obtained. The specific fuel

consumption value actually increased from 1.51 to 1.95.

Since the cycle time for these cycles varied from 2.9 to 4.0, this engine

configuration would be subject to the same objection:as the constant volume hammer

cycle, an impractically long cycle time. In order to obtain an adequate basis for

comparison of this double-burning cycle with the constant volume hammer cycle, it

would be necessary to extend the hammer jet investigation to air-fuel ratios of

56-1. The only caase available for comparison for the air-fuel ratio 31-1 indicates

that the addition of heat at different periods to take advantage of the possible

higher compression ratios, Table 28, yields a lower specific fuel consumption

valuiei than the addition of heat uniformly in a tube, Table 24.
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OSN TABLE 30

CONSTANT VOLUME COMBUSTION, MN 0 6-.5
Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
COMBUSTION COMBUST ION

CYCLE ANALYSIS

flFigure (Appendix) 24A 24A

Air-fuel Ratio

Combustion Chamber Mass 0.900 0.726

- Specific Fuel Consumption 1.513

Mass Flow per sec./sq. ft. 38.00

Thrust per sq. in. 11.21

\Adiabatic Compression Efficiency 0.910 0.790

Thrust Coefficient 0.763

iMass Flow Coefficient 0i445

overall Efficiency 0o115

Entropy Rise Prior to Hammer Compression 0 0.276

Entropy Rise Due to Hammer Compression 0.044 0.025

* Entropy Rise Due to Heat Addition 2.189 1.594

Total Entropy of Cycle 2.235 1.895

Pressure Before Heat Addition 2.334 9.850

Pressure After Heat Addition 7.973 24,006

Temperature Before Heat Addition 1.295 2.167

Temperature After Heat Addition 4.418 5.292

Cycle Time 3.655

Total Mass 1,626

Combustion Chamber Length 00500 0.160
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TABLE 31.

CONSTANT VOLUME COMBUSTION, M1 = 0.65

Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND

CYCLE ANALYSIS COMBUSTION COMBUSTION

Figure (Appendix) 25A 25A

Air-fuel Ratio 56 56

Combustion Chamber Mass 0.360 1.212

Specific Fuel Consumption 1.611

Mass FIo.w per sec./sq. ft. 33.18

Thrust per sq. in. 9.19

Adiabatic Compression Efficiency 0.910 0.701

Thrust Coefficient
0.625

Mass Flow Coefficient 0o388

Overall Efficiency 0.108

Entropy Rise Prior to Hammer Compression
0 0.276

Entropy Rise Due to Hammer Compression'; 0.044 0.028

Entropy Rise Due 'to Heat Addition 2.189 1.919

Total Entropy of Cycle 2.233 2.223

Preosure Before Heat Addition 2.534 3.539

Pressure After Heat Addition 7,973 10.364

Temperature Before Neat Addition 1.295
1.2951.620

Temperature After Heat Addition 4.o418 4ý745

Cycle Time 4.050

Total Mass 1.572

Combustion Chamber Length 0,200 0,555
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TABLE 32

CONSTANT VOLUME COMBUSTION, M,= 0.65
Double Burning

PERFORMANCE BASED ON CHARACTERISTIC FIRST SECOND
CYCLE ANALYSIS COMBUST I ON COMBUST ION:YLEAAY18I iII

Figure (Appendix) 26A 26A

Air-fuel Ratio 14 56

Combustion Chember Mass 0o360 1.147

Specific Fuel Consumption 1o951

Mass Flow per soc ./sq. f. 44,03

r Thrust per o.q. ýn.S, 17 52

Adiabatic Compression Efficiency 0o.10 00500

[ Thrust t{efficlent 78

Mass Flow Coefficient 0.515

Overall Efficiency 0.089

Entropy Rise Prior to Hammer Compression 0 0.950

Entropy RIsL Due to Hammer Compression 0.044 0o140

Entropy Rise Due to Heat Addition 4.223 250

Total Entropy of Cycle 4.267 2.540

Pres-sure Before Heat Addition 2.334 11.187

Pressure After Heat Addition 24.854 22.525

Temperature Before Heat Addition 1o296 5.084

Temperature After Heat Addition 15.796 6..208

Cycle Time 2,925

Total Mass 1,507

Combustion Chamber Length 0.200 O.,15
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SUMMARY AND CONCLUSIONS

This series of characteristic studies wras undertaken to obtain some informa-

tion as to the scavenging and compression processes occurring in intermittent engines.

All the studies were of straight-tube wave engine configurations and the wave phen-

omena established by valve action was based on the assumption of instantaneous valve

opening and closing. The results consequently are not immediately applicable to

practical configurations wherein some variation in tube geometry occurs as well as

a gradual valve action as opposed to the instantaneous assumption employed. Never-

theless, the results of the studies should have some influence upon the nature of

the experimental work to. be undertaken in order to develop intermittent engines for

specific applications.

The characteristic investigations of cycles with a single combustion process

occurring in each cycle led to the somewhat unexpected conclusion that high values

of compression prior to heat addition cannot be efficiently achieved because of

the large shook losses that would be encountered. It should be stressed that this

is only true of the straight-tube configurations studied in this investigation.

It may be possible that some method of avoiding the shock losses in the unburned

gas prior to heat addition can be developed. For the simple configuration initi-

ally visualized, however, the use of shock waves continually reinforced and reflected

in the tube, as an agent for compression, would result in very poor cyclic performance.

The performance estimates obtained from the characteristic cycles indicate

that the resultant specific fuel consumption values decrease as the relative volume

of gas burned per cycle is increased. In these intermittent engines, it appears

to be more efficient to utilize the energy of the heat-addition process to accel-

erate the flow to produce thrust rather than high pressures. Optimum performance

occurs when all compression is obtained as a result of hammer or ram pressureo
I
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The studies also indicated that scavenging difficulties may be encountered

in the static operating condition if the relative combustion chamber volume is

larger than 50 percent. This would apply both to the constant volume hammer cycle

as well as to the cycles that were modified by introducing a secondary combustion

zone in the cycle in order to take advantage of the existence of regions of rela-

tively efficient, high-pressure compression.

Although insufficient studies were undertaken to determine the relative

Smerits of cycles with seoondary heat-addition regions, such studies may lead to

efficient high-pressure intermittent engines of relatively simple geilmetry. The

major objection, the relatively long periods required for the completion of scaveng-

ing, may only be due to the application of the ambient pressure boundary condition.

It is to be expected that during the non-steady discharge when the 'total head and

velocity of the jet are appreciably less than' for the surrounding stream, an

appreciable acceleratign of the jet would occuro due to shear forces which would

alter the present length of the theoretical cycle.

As a result of these studies, it is concluded that the characteristics of

the wave engine cycle prevent the attainment of performance equivalent to that

of present-day turbojet engines. The theoretical studies show that this engine,

in any of the forms studied in this paper,, will occupy a position intermediate

I I between that of the ramjet and turbojet'.
I!
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APPENDIX 1

The detailed analysis of the wave phenomena for the intermittent engine

configurations was performed by means of the numerical method of characteristics.

This method, including details for the representation of the effects of heat

addition, has been described elsewhere All of the cycles described in the

report have been included in the Appendix for reference. For convenience, these

cycles are summarized on pages58.and 59.

The abscissa and ordinate of the wave diagrams are given in terms of the

usual dimensionaless parameters L and Z where

I ~L 0/i ,, a 1/lo

i tube length
.0

t = time

a0  - reference sound velocity

The encircled values on the wave diagrams denote the entropy value at that

point, with the ambient condition taken as the zero reference level. This entropy

I is represented in the dimensionless form

where s

a = dimensionless entropy factor

A' a entropy

R w gas constant

a- ratio of specific heats

Heavy lines are usually employed to represent the shock waves. The inter-

lace between hot and unburned gas is denoted by the dashed lines. Local entropy

discontinuities and particle paths are indicated by the finely dotted lines. The

only values of pressure, flow velocity and velocity of sound included, are for the
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inlet and exit conditions. These values are also given in a dimensionless form,

the quantities being rendered dimensionless by division by the related ambient

quantity.

P " P/pO

U - u/a 0

A - a/ao

The conditions before and after heat addition are based on the average con-

ditions of entropy and temperature obtained. For the case of gradual heat addition J
and for all conditions before heat addition, small variations in entropy and tem-

perature occurred. To simplify the heat-addition caloulations,; average values

were determined so that uniform conditions were obtained throughout the combustion

chamber regicn. 
-

In thý calculations, the effect of temnperature on the ratio of specificj

heats was represented as followst

(a) during compression and expansion I-l1.4

(b) during combustion 2 . 1.36 (ov - 0.19)

All performance values given are for sea-level conditions with

ambient air temperature, Zý-a 51S°R

ambient air density f M 0.76 lbs./cu.ft.

total heat added q = H n(comb) f/a
combustion efficiency n(oomb) - 0.9

fuel heating value H a 19,200 btu's/lb.

fuel-air ratio a f/a

For any other altitude condition, at the same Mach number, the fuel-air ratio,,

thrust/unit area, specific fuel consumption and mass flow/sec/unit area may be

obtained using the following relations:

I!,

I " -56 -
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(ao)alt.
-. (B.F~ca)t * S. . L.) (ao)S.L

V (a 2 ?
(Tbi'uat/Unit Area)a1t. - (Thrust/,Unit Area) SL. ~2

j(a
(mass Flow/sec/Unit Are-,) (mans Flow/Sec/Unit Area)8  (ao flo)aito

alto (a ?,)
0 6 S.L.
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SM•,ARY TABLF OF PPRFORMANCE

FLIGHT COMBUSTION FURxAIR MODE OF* *(APPFIGURE CYCLE TABLE MACH CHAMBER RATIO AIDITION S..F.C.. T/A PAGE
NUMBER LENGTH f/a

.A 1 2 0.65 0.25 1/45 COVoC. 2,.026 8.65 61
1B 2 2 0.25 1/34.4 2.519 12.18 65
iC 3 2 0,25 1/27.,2 2.665 11.24 65

2A 1 5 0065 0.25 1/51 CoV..C 2.530 11.30 67
2B 2 5 0.25 2.083 18.,80 69
2C 3 0.25 2.387 10,73 71

5A 1 4 0 0,125 1/58.4 C,.V.Co 1.557 3.76 75
3B 2 4 0.,25 1/52.8 1.662 4.11 75

4A 1 6 0,,65 0.25 1/51 GH.Ao 2.484 8.85 77
4B 2 6 0.25 2,,451 11.10 79
4C 5 6 0,,25 3.043 6.17 813

1 7 0.95 0.25 1/51 G.HA. 4.311 3.61 "83
5B 2 7 0.25 2.786 8..29 85

6A 1 8 0.65 0.25 1/31 GoH.A. 1.986 9,76 87
6B 1 8 0,,25 1.835 9.22 89
6C 1 8 0.25 1.835 5.55 91

7A 1 9 0..65 0.25 1/51 GH.A. 2.850 8.43 93

8A 1 10 0 0.15 1/51.; G.H.A. 2.138 5.90 95

9A 1 12 0.65 0.50 1/51 C.VoC. 1,754 17.90 97
9B 2 12 0,.565 2.173 9.27 99
9C 3 12 0.1555 1.934 12..84 101

1OA 1 15 0.95 0.50 1/31 C.V.C. 2.086 19.40 103
lOB 2 13 0.54 2.200 10.93 105
10c 5 13 0.54 2.,065 15,,73 107

11A 1 14 0.65 0.60 1/31 GoHoA., 1.881 i4.42 109
1iB 2 14 0.60 1.855 12.84 111
lIC 3 14 0°60 1,807 14.46 113

12A 1 15 0.,95 0.50 1/31 GoH.A. 1.952 21.34 115
12B 2 15 0.550 1ý892 17,,03 117
12C 3 15 0.515 1.985 I&Vo02 119

13A 1 16 0 0.,500 1/53 CoVOoC 1.872 7.,75 121
15B 2 16 0.392 1.949 11..67 125
13C 3 16 0.500 1.673 11.69 125

14A 3 17 0.95 0.475 1/31 G.VoC. 0 2.303 12.77 127

15A 1 20 0.165 0.1500 1./6 C.VI.C.C 1.,658 9.,74 129
15B 2 20 0.585 2.184 5.47 151
15 5 20 0.585 1765 7.44 153

-CF58-ECONFI DENTIAL
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i° ____SUMMARY TABLE OF PERFORMANCE (Cont)
R CFLIGHT COMBUSTION FOlL-AIR

FIGURE CYCLE TABLE MACH CHAMBER RATIO MODE OF*
(APPEDIX) NUMBER LENGTH f/a AMTION S.F.C. T,/A PAGE

16A 1 21 0.95 0.500 1/56 C.V.Co 1.781 12.16 135
16B 2 21 0.585 1.975 7.89 157
16C 3 21 0.585 1.909 9.55 159

17A 1 22 0.65 0.500 1/56 G.H.A. 1.568 11.20 141
17B 2 22 0.555 1.818 7.92 145
17C 3 22 0.450 2.130 5.66 145
18A 3 23 0.65 0.457 1/56 G.V.C. 2.582 4.62 147
19A 1 24 0.65 1.000 1/51 c.v.C. 1.807 18.05 149

20A 1 26 0.65 LIO3.550 1.31 C.V.C. 2.111 16.60 151
___ ____ L2 =0.195 _

21A 1 27 0.65 LI=0.25 1/1 C.V.C. 1.625 13.00 153
L20.085 1__1

22A 1 28 0.65 LI=0.25 1/31 G.H=A. 1.601 11.83 155
_ _ _L2=0.100

25A 1 29 0.65 LI=0.500 1/56 GoH.A. 1.681 10.38 157
-• : - L•.160

24A 1 30 0.65 LI=0.500 1/56 C.V.C. 1.513 11.21 159
-L =O.160

25A 1 31 0.65 L1 =0.200 1/56 CoV.C. 1.611 9.19 161
L2=.0555

26A 1 32 0.65 I1=0.200 f/a)J1.:15 C.V.C. 1.951 17.32 163

* C.VoCo = Constant volume combustion
V G.H.A. = Gradual heat addition

*N• S.F.C. in lbs.fue!hr.ibs. thrust

*, T/A in lbs.

sq.in.

CDi
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APPENDIX 2

In order to carry out the characteristics calculations. it was necessary

to make a number of assumptions concerning the heat addition process, valve clos-

ing time and the fLow boundary conditions. These assumptions are discussed in

detail it Section 2A.

General methods for construction of the wave cycles can be found in a

number of recent articles. Complete details of the method are not as yet avail-

able in print. For this reason, a brief review of the procedures is given in
-S lection 2B and &'few, specific examples are worked...

The engine performance parameters such-as thrust per unit area, mass ioww

and specific fuel oonsumption can be obtained from these characteristic da-

grams. Details of the methods of obtaining this performanse data, as well as

mbthods of extending the performance obtained for a single altitude condition

10o other altitude conditions, are described in Section 2C.

"A., 4eat Additicin Aso-umtin

SThe processes of heat addition was represented by the following modes of

heat additions

1. Constant volume combustion

- 2.' Gradual heat addition with heat added at a constant rate.

For the latter case, the combustion time wae based on the values ooserved in

experimental intermittent engine studies about 1.2 mill.iseconds. In both ......

cases, it was assumed that all the gas particles in the combustion region

were ignited at the same instant and that the piocess of heat addition was

delayed until all the gas to be burned reached approximately the same state.

Since the compression occurred through a refl.'wed shook wave, the heat-
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CONFIDENTIAL
.I



L- CONFIDENTIAL

addition process was, therefore, assumed to be delayed until the shock traversed

Il the whole combustion zone. This assumption was only made to simplify the char-

acteristics calculations. After the shock passage, the pressure and temperature

were nearly uniform in the combustion region. Average values of pressure and

temperature could, therefore, be used and uniform conditions could be assumed

for the whole of the combustion region.

V• In the studies it was found that as a result of the wave phenomena estab-

lished, the maximum pressures prior to heat addition occurred at the instant of

valve closure. With the delay assumed in the heat-addition process in order to

bring all the gas in the combustion chamber .to approximately the same state, it
was observed that the pressure in the combustion region gradually decreased.

This pressure drop occurred because expansion waves previously created by valve

opening reached the cozibustionregion shortly after the shock reflection and'

Ii caused a drop-in the pressure. -Consequently, in all the cycles studied, heat-.

addition occurred at pressures much lower than those obtained at the instant

-of valve closure. The assumption of the ignition delay was, therefore, con-.

servative in that, if ignition had been assumed to occur at the instant. the

-gas was brought, to rest, the assumed heat addition process would..have been

Iinitiated at much higher pressures.

SThe first heat addition mode, constant volume combustion, was selected

primarily because of the simplicity of the calculations. Two different assump-
tions were made: the first, that a constant pressure rise of four atmospheres

occurred during the heating process, and, the second, that a constant amount

of heat, 520 BTU'u per lb. of air, was added per cycle. The pressure rise of

four atmospheres was initially assumed in order to study the wave pattqrn

generated, Early wave engine tasto had Indicated that a pressure rise of' the

SCONFIDENTIAL
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order of 4 atmospheres was obtained during the heat addi±.,ion proces- In

succeeding studies, it was found to be more convenient to employ a fixed quan-

tity of heat per lb. of air, since the engine performance for e fixed ai.L-

fuel ratio could be determined.

All of the studies made were for straight-tube'configurations operat-.

ing with instantaneous valve opening and closing times. -The use of the instan-

...... aneously-oqerating valve assumption results also in an appreciable simplication

of the procedures, although it probably tends to over-emphasize the shock losses. C

"Actually, a shock is formed gradually because of a finite valve closing time

and is not created instantaneously. During the early phases of the valve cloo-

ing the compression is, th-eefote, essentially, isentrpitc. -On the other-hand,

this assumption tendsto eliminate the actual leakage losses obtained during

a finite period~of closing. -

As yet, very few studies have been undertaken to determine the validity

of the conventional boundary conditions assumed in the nonsteady flow calcula-

tions. These are: ram pressure at the intake during inflow and ambient pres-

sures at the exit during outflow for honchoked flow conditions. Probably the

most serious error is introduced by the assumption of ambient pressure during

the exhaust-flow phase0. During a large period of the nonsteady exhaust

.. process at high flight speeds, when tPe velocity of the exhausting air becomes

appreciably less than that of the surrounding stream, the total head of the

ejected gas becomes much lower than that of the exteqrnal flow. It would be

expeoted 'then, that the exhausl, gas would be accelerated, due to shear

effects, to a velocity near that of flight. This would appreciably alter the

internal flow phenomena, i.e., the rapidity of scavenging, the internal

pressure, and the resultant cycle timer Since no experimeniAl informatior
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concerning the magnitude of this effect has been obtained, the conservative

assumption of constant ambitmt pressure during nonchoked outflow has been used.

B. h§Met49dciA:( rito

General methods of construction of characteristic or wave cycles can be

[1 found in a number of recent articles 4,5 Details of the methods, applicable

to a specific problm, tare not as yet available .in print (see Reference 6).

P, A brief review of some of the proceduresa Is given in the following pages.

The specific ezaaple 'selected is a wave cycle with the conditionst

L .. (a) Constant volume comb nstion

0. I

(a) Pressure-rise at the end of heat addition equal to foud times

S"the initial pressure.

-/ The calculations for the gradual heat addition process are similar.

i- t ithe gradual heat addition process, it was assumed that the heat addition

.11• ,process in the combustion chamber was only a functionof time, and that the

- /heat was added at a constant rate.

A " /tc (to combustion time)

Th- change in the characteristic values, as defined in the following

i ioup for the beat addition process would then be given by

• / C. P oMance 'olculatihone

&tawul total impulse generated per cycle may be calculated either by In-

tegration of the pressure forces over the vmlls for the cycle, or by inte-

6u4%)uU4 S WAUMW.J MUMIJuin JADMW -,-;;; 4%Ph cjd.~c J.A

rI *see page 171i
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where
A = tube area

P = pressure

V A Ah P (X6= over-all length)

andthe subscript (o) refers to"ambient conditions and (e.) to exit condition.s.

'In dimensionless form this may -be written

-I

-. ?, . ! •. 4 . ( • ] -

where w.

The air specifid impulse is given by

la I otal/mass(cy.e) 0)

where -

) L./ (- C ) (, refers to combustion chamber),

In d imensi.onless form, the air specif/o impulse is given by
SaJ4Z"

ea - ) + ,.(

The mass flow per seot, per sq.ft' may be determined from the relation

maussir cycle = La , 1, ?o. A-0
Hence cycle time - "

i ~Hence

li 18
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or in dimensionless form

"I" Mass flow/sec _ ,

sq~.ft. a. zo. \Lo (4)/

1.. Since
lbs.thrust Thrust

lb.air/s-ec azZ) ()Oq
the thrust per sq. in. may be written

T b. ?0 111o
A sqoin. !44" t.(

The specific fuel-consumption can be determined from

S'F •. = -3600

" since •Ia
If =.1

Ij The adiabatic compression efficiency is defined by

_(7)

The over-allefficiency is defined in the usual manner" l:

over-all = ,4 Prop. • "thermal / (8)

and can be written

I #°over-.al •

I wh-?re Ue is the flight velocity. This efficiency was calculated by

integration of the momentum flow.

The performance parameters given in the Tables and Figures were

determined for standard sea-level conditions. For any other altitude

eondition the performance parameter S°F.C., Thrust/unit area and

I mass flow/sec/unit area may be determined using the following relations:

- 169 -
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i. 2- \

(Thrust/unit area)nlt = (Thrust/unit area)s,L.

(Mass flow per sec/unit area)alt =

(Mass flow per sec/unit area)S:,L. Out' (12)

The ratio the entropy parameter in the characteristics calcula-

tions is also dimensionless. Consequently,

or

and

which is relation (33). The remaining relations (10), (ii), and (12) may

be obtained by direct substitution observing thAt

from (3) and

- 170-
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GRAPHICAL PROCEDURES FOR CALCULATION OF WAVF FNGINE CYCLE

The continuity and momentum equations for one-dimensional nonsteady

flow are

A9A + L (pu A)= 0
at x

12 + +x 8x = 0

These may be transformed to yield

I• p = u log A'+ S + A D t
u+a YR Cp dt-

l og A + S S+ D tu-a yRCp dt t

where

A area

p = density

i: u = velocity

a = velocity of sound

P = pressure

For a tube of constant area and isentropic flow

p = • a + u = constant
Y-1

Q = . a - u = constant
Y-l

These quantities, P & Q are constant along characteristic lines where

the characteristic velocities are u + a and u - a, respectively.. With

these relations we can construct a characteristic network in the x,t-plane

which enables a determination of the flow parameters u,a,etc, at each

point of intersection,

1i71 -
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General. Procedure for Wave Engine Characteristics Diagram
with Constant Volume Cc-mbustion

I

AL 6 I -~ I I

_I

I. Initial Conditions

10 Uniform flow through the tube which is completely open, with a flow

Mach Number M = 0.65o

All quantities are dimensionless.

Pressure, p = P/O

Velocity of Sound, A = a/ao

Velocity, U = u/a 0  (where a0 and p0 are

Time, =Z reference sound velocity

Length of tube, L =and pressure

Entropy = .1

2. At some time, Z, , the valve at the exit closes. The flow vel-

ocity at the closed valve equals zero and a shock wave is created f
which propagates into the tube.

- 172 --
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A4 -0, A r

53 In order to determine conditions in (b) the change in velocity across

the shock that is formed is given by the shock relations..

NOTEt Until the shack reaches the inlet we have uniform flow in the

tube with a velocity U = O.65.

To determine the ratio 42/k across the shock it is necessary to

revert to the Rankine-Hugoniot relations

142 (y--I)M2 Normal shock
2yM1  -(M-1) M2

-1/2
1+ X:i_ M2

2 2 ,192/4L=
1+ Y-1 M2

and obtain relations between the steady flow parameters and the

velocities U1 and U2 in the nonsteady flow case.

UI-U2 _AU _a

1-. =* M, M2 4

U1 + Ws

-2 U2 + V3

W= shock velocity

S•.175 -
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Since the entropy rise acro-as the shook may be required, we also have

Pl 12 _ (y-_)

and 

*i+ l

AS a2 P2
yR Y-1 62 Y

where

____etc. a%,, A~
4 11 AI

4. When the shock reaches the position L 0 0.25 we assume constant

volume heat addition

(2)

"""L 4-.7C"

II. Characteristic soluti rIn the heating region

1. Heat addition

For the heat addition P2 /Po = 4.0 and 2/14b r4.

rJ

- 174 -
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'N (4P)

(See rF~ig~)

Exitg

(a) The general boundary condition for outflow is that the pressure at

the exit is equal to the reference pressure pe = 0o. This condi-

exists only when Ue < Aeo

(b) Since Us can never become greater than A,, choking occurs when

Ue A9. then pe > p~o

e.g.

II I5 A2 =5Aa + Il constant

•-Y

(a)tt,- A2 1~-1
Po p0  e Since pe po=l.O

() For e r

b)Pe/p. =(5/6)~ F7 , A
175 -
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Consequently for this particular diagram-

5 A2 + U2 = P2 = 11o58 5  Since U 2 -0

5 Ako+ uIO PlO i1.3585

A10  U10 = 1.8975

Also P10  pe = 2.6054 Since p!O 1.0 would make

U10 ? A10

5. Solution across the interface

Pe = P4

Ue = U4

The strength of the expansion fan created at point No. 4, and

the strength of the shock between points No. 1 and No- 3, must be

selected so that p5 = P4 acl )ss the interface.

2yM1  - (Y-1) i

Y+l

P4 = (A4/A 2 )7 . P2

U4  5 A4 -Q4 5 A4 -Q2 IQ2  Q4 1lo85J

Solving these relations yields

P5 = P4 = 5.5524

Ue = U4 :-a820

AB = 1.566

A4  2.113

4. Determination of Pte. 5 to 9 And Ii to 1 ( S I• Fq. - )

Q remains constant going from right to left 3  in regions where there
are no entropy changes

P rt ,ains constant going from left to righte and no,change in cross-
sectio.nal Area.

- 176 -
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AP = A = 0

P2 = P5 = P6 = P7 = P8 = P9 = PIO = 11,385

Q2 = 11.585 and QIO = 7.590

Taking values of Q between 11.385 and 7.590 and using the constant

value of P, solve for U and A at these points
5A + U = P A=P--+- & U=-:10 2

5A - U = Q

In a similar manner -

Pr = P1l = P12 P15 ...... P1 6  P1 7 =9 0 745 SQ4 

=Q2
'~) Since Q is constant going right to left

Qil= Q5
)w•when there is no entropy or area change.

Q12= Q6 )

5. Boundary point 17

P17 = P4 9,745 =5 A1 7 + U17

Since, P17 Pe Po = 100, U1 7 < Aj7

A ° Ae -= -000 A2 = 1o65517 a P2
This value of Ae = 1655 remains constant at the exit as long as

Pe = Po and Ue < Aeo

6. All subsequent Points within the boundary formed by the interface,

lose. U to 96, the shock, Nos, 93-17, and the characteristic line

SNos. 11 to 17, are determined in the same manner since here also

there is no entropy change and no cross-sectioml area chrnge,

1' II.Change in Characteristics in Crooeing L.hrge EnLrowy Discontinuities

Solution for Point 18-19 (F,1  Z

Alnng thA high pressure side of the shock, point 5. P is constant until

t" the intersection of the first Q characteristic with the shock.
]- -177-
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Therefore PI 8 = P = 6o010o.

Q19 = ý- QS

/ / Pis = Ale + 1

Q19  5A 9 -U 19

U1I 9 -, 1'JI

P19 = Pis

Also AL/AR remains constant. It is equal to A5/A4 = 0,646472.

From the characteristics relations AL A1 8  A3 = 0•646472

AR A19  A45 A18 + 5 A19 = +

or Fis + Q19  "18 -Q19
A19 =

5(1 + AL 8.232360
AR)

Therefore:

A1 9 = 2,022

UI9 = U18 = -0.525

Al8 = 1ý307

This procedure enables all points along the interface, Nos. 18 to 100,

Sand Nos. 19 to 101, to be determined.

IV. Procedure for determining changing shock conditions as characteristics

overtake the shock

10 General Procedure hk

In this case, we know PI, Ql, and Q2
" -•- Q2-- Q1From , A we can find ,11 11, 4) -

A - 178 -
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P2 - P1  A2 .M+ -2- (2-1)

Relations Al= M2 Al"M
across

shckQ2 - Q1 A2 _A
A1  Al

Example: Solution for point No., 20

P1 = 5.650, Q= 4.50

A value of Q was interpolated between No. 3 and No. 18 which would reach

the shock at No. 20,. From AQ/AI we determine AP/A 1 which enables the

determination of A20 and U20 from the usual relations, SA + U = P
I L

and 5A - U = Q. From the A ratios and pressure ratios which can be ob-

Stained in terms of the Mach number, the new value of entropy can be

determined from the previously mentioned relation -

YR __1 n A2/Al lb t n P 2/Pl

At Nfo 20 we obtain A2- = 1.3307p P20 = 4.9785 with a new S/yR 0.285.
A1  Pl

Since the initial entropy change across the shock equaled 0.558, Q is no

longer constant between No. 5 and No. 20.. The cL-rect value of Q20 can

be obtained by use of the relation

AQ= A ayR
SXO - S3

0 .Q 20  Q Q3 + A3  yR

This yields a new value of Q20 so that a new value of P201 A2 0 , U20

and S20 may be determined. In general, one iteration is sufficient to

determine the value of Q20 " For this case, Q20 = 7..355.

179 -
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V.. Inlet Boundary Conditions

1. At point No. 1 the inlet valve is open. As soon as the shock reaches

the inlet we assume the valve closes

instantaneously snd the new boundary

2-1 condition at point No. 21 is that

seU 21 = 0. The solution for point No. 21

is identical with the solution for points

21 and 2.

Subsequent points along the reflected shock, Nos. 23, 85, etc. are deter-

mined in the same manner as point No. 20.

2. For regions of variable entropy the changes of P and Q are determined

(as previously) by the relation

AQ A? A ASyR

E x am p l e t N o .4 9 6 --

P4 9  P 7 + A 3 7  yR 1

Q49= Q4 8 + A48 (S498R S481

Hence,
P4 9  6.478 and Q49 = 50888

Also, at No. 57, U37 = 0 and P57 = Q5 7 since Q37  -U5 7 + 5A3 7
and P -= U37 + 5I3

A37-1 2-

At No. 142 the pressure as determined by the relation

QS 2. n A 2  1  _n P2
yR y-1 A1  y p1

.• -Y(•)
P2 (A2.' YR~- ~-) Xe(

5. Inflow occuro whini the pressure at the valve bccomecs equal to the .1

outside pressure. For the particular problem selected, the

-180
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surrounding stagnation pressure, Fs equals 1 3283 We assume t.hnt when
F0

the inside pressure drops to this value the vslve opens instantaneously

and inflow takes place.

4, Procedure for determining inflow,

For inflow the energy equation always holds

Since U at the inlet is 2-- and A att the inlet is EN we obtain the rela-
10

tion between P and Q, which must hold at the inlet, On substituting in

the energy equation

2 P&Q2 . 2 A 2

2 y-l 10 y-l s1'
Examplet Point No,, 189

We assume a velocity which gives the initial slope of the Interfsce,

8 4+ AQ At the interface there Is a temperature discontinuity

and

U185 =U1*86
L P185 P186

The A ratio is a constant along this interface. Since P185 =i 86

AS 2 ýn LL

A1  A1 1 AAT A!85
where " =;

Ag A1 8 6

In the inflow region S/AR = 0.

Hence, we can determine Q185 which equals Qj.8 Knowing Q1 87 we can

then find F1 8 7 , U1 8 7 and A1 8 7 . The correctness of the assumed initial

i.nflow v.locit may be checked by drawing back t h-%rncteristic P18 5

181
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to the inlet and comparing with the interpolated value between P142A and

P187 at this point.

VI Outflow at the Exit

When the pressure at the exit becomes equal to p., in general Ue Is less

than Aeo For subsonic outflow Ae is a constant (Ae = 1.655) for the hot

gas. Since Ae is fixed, Ue can be determined since

5 As + Ue = Pe

The reflected characteristic, Q., is immediately determined. P6ints 17

to 130 along the exit are determined in this manner.

VII Intersection of Shock and Interface

Characteristics from Nos. 31 to 44 overtake the characteristic from

No. 17 to 93 to form a shock. Therefore at No. 101 it is necessary to

solve the intersection of the shock and the interface.

1P1

IXI

ii

.. ..
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In general, the simplest method of solution In to ascurne n v.luc of 110']

This will deter-mine the strength of the rerlected shock, Ao1 0 4 iA 1 (, which

in turn yields P1 0 4 /P 1 0 2 and the pressure at point No. 104. Since the pros

sures are equal across the interface, PI0 = The pressure ratio,

pO3/plO0• of the transmitted shock gives AlO3 /A1 00 . This, in turn, yields

a new A ratio across the interface,

Knowing Ao0 3 /Ao 00 , we find U10 3 from the shock relations. From A1 o4 /AI 0 2

we obtain U1 0 4, If the assumed value of A1 0 4 is correct, U10 3 = I104'

VIIIoIntersection of two shocks

1/1

Pl50 = P153.

U150 = U151

This problem Ynay be solved by procedures similar to those used for the

intersection of a shock and an interface.

Assuming a value of A1 5 1 determines the new strength of the shock moving

to the right, the pressure ratio across the shock and the value of U1 5 1 ,

From the continuity of velocity and pressouwe at the interface we find

P150/P148, the pressure ratio across the shock moving to the left. This
in turn yields A1 5 0 /A 1 4 8 and U15 O. If U1 5 0 = 11151, the assumed value

of A1 5 1 is correct.,

IX 1. End of Scavenging Period

When the interface reaches the exit, point No. 150, it is a-ssumed that

the valve closes instantaneously.
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4. P129 P10= Po

/ 4c'l/ U12 9 U15

A1 0  A3 1 = i655

U14 6  0

In general, in order to determine the value of P129 , it may be necessary

to interpolate to obtain the correct characteristic that just reaches

point No. 119. For this case, however, since P does not change between

the points No. 125 to the shoc. at No. 135, PI9 -; 6.010,, V3icie

Ag/AR = 0.646472, A12 9 = 1.0'70 and U129 = U130 = 0.660.

At point No. 129 the valve closes and a shock is generated because of
U129 - U146

the sudden interruption of the flow. UI46 = 0 and knowng 129

the parameters behind the shock may be determined in the same manner as

points No. 21 and (b) were determined previously.

2o Shock Reflection at a Closed End

N U15 4 = 0

U1 52 = 0

Since the boundary condition at point No. 154 is that U1 54  O, the

solution of the reflected shock is obtained in the same manner as in

the previous Section U.X 1:

- 1B4 -
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5., Two Shock Coalescing

/751

This problem may be solved by treating each shock separately.. From
P12- P171

the values of P1 7 1, QI71. and Q17 2 " we find A1 7 1  ;,also U172 lnd

"A172 since we know -. . .

i i - ... Q172 -Q171

A1 7 1

In the same manner we find P17 - P172 roQ175 Q172-
A172. A1 7 2

Hence, the A ratio across the two shocks, A17, is simply

A17S A13 A172

A171 - A172 A 7 1  .

For strong initial shocks this may lead to an entropy discontinuity at

the Junction.

X Beginning 6f Second Cycle

When the shock refleited at point No. 154 reaches the position

L = 0.25p combustion occurs and the cycle is repeated.,

S- 185 -
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STMAIGir TUBE WAVE E=INE WITH RAM H 0 65

let Cycle

No. P , U W U+A U-A wa S A2/A p/Po O/e.

1 5.650 4.350 0.850 1.000 1.650 -0.,50 0 1.000 1 .000 1 ON)
2 11.385 .1-386 -0 2,277 2ý277 -2.277 2o519 9,33152 1-800
3 8.010 7.050 i-4.820 1.386e 0.448 -2-086 -1.552 0.538 1-36W0 5.55.24
4 9,g745 110385 -0.8M0 2.115 1.295 -2.955 28519 5.5524
6 11.1185 10,063 0.575 2,.202 2.577 -1.627
6 11.2985 9.885 0.750 2..12? 2A87 -1.377
' 11;r~5 9.156 1.126 2.052 53.177 -0A927
8 11 ,85 8.085 1.500 1,9?? 5.477 -01477
9 .1.5• 5 7.950 '1.717 1.94 3.651 -0.217

10 11-585 7,590 1.8975 1.8974 3.795 0 2.6054
11 9,745 10.635 -0.445 2.05i 1.595 -2.438
12 9.745 9.885 -0.070 1.963 1.893 -2.0-5
15 9-745 9.,155 O,,50 1.880 247 .14 -+A75
14 9,74°5 8.385 0.0-006 1813 2.493 -1ý105
15 Y 9.74, 1.950 0d.88 .770 21.668 -0I872
16 9.745 %.0590 1.078 1.734 2.812 -.0A586
17 9.745 8.805 1.470 1855 5.125 --oa09 1.000
18 6.010 7.060 -.0.525 1.307 0.782 -1.B32 0,;338
19 9.585 10,655 -0.525 2.022 1.497 -2..647 519
20 527 952 7.555 -0.02 1.8507 0.629 -Q.035 -1,450 0.1285 13507 4.9785
21 7.385 7.5 0 8 10 4771 1.477 -1,477 +1..20 0.309 1.1100 0.9898
22 5,955 ;.008 -0.526 1.296 0.777 -1.130297
25 7.548 '.032 0.158 1.438 1.803 -1.271 +1L384 0.,321 1..17.0.0
24 7 015 11.015 0 1.4030 1.405 -1,,4033 0.509 6 .9674
25 9.585 C~885 -0-150 1.947 1.797 -2.097
26 9.58 0,.135 0.225 1.872 2.097 -1.647
27 9..585 8:6.585 0.600 1.797 2.397 -1.197

I1 28 9.586 7.950 0.818 1.,754 2,,572 -0.936
t g 29 9.585 7.590 0.998 1.718 2.716 -0.720

50 9.585 6.805 1.590 1.639 3.029 -0.249
31 9.585 6.965 1.510 1.,655 2.965 -0.345 1.000
52 6,010 6.4170 -0.250 1.248' 1.018 -L-4'18 0M.38
53 9.425. 9,65 -0.250 1.931 1.701 -oA161 2.,5189

34 5.994 6.456 '..0"251 1.245 1.014 -1.476 0,527
55 7.56t 6.481 0.597 1.374 1.765' -0.983 +1.443 0.348 1.1036
36 7.070 6.481 0.294 1.555 1.649 -1.061 0.348
3.7 6.,428 8.428,, 0 1.286 1.286 -1286 0.309 2,,4173',,
38 9.425 9.155:; 0.145 1.858 2.003 -1..711
39 9.425 8.585: 0.520 1.781 2.301 -1.261
40 9.425 7.950 0.758 1.738 ' 2.476 -1,000
41 9.425 7.590 0.918 1.702 2.620 -0.784
42 9.425 6.805 1,,510 1.623 2.983 -0,313
45 9.425 6.965 1.250 1.639 2.869 -0.509
44 9.425 7.125 1.150 LA55 2.805 -0M505
45 6.01.0 5.880 0,065 1.189 1,254 -Lo124 0.358
46 9.265 9.1,5 0.065 1.840 1.905 -1,775 2.519
47 7.181 5.901 0.640 1.308 1.,948 -0A668 1.,649 0.568 111001
48 7.084 5.901 0.592 1.298 1,.890 -04706 0.M58
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STRAIGHT TUBE WAVE ENGINE WITH RAM M = 0.65 (Cont.)

No. P Q U W U+A U-A Ws S A2 /AI p/po

49 6.478 5.888 0.295 1.237 1.532 -0.942 0.348

50 9.265 8.385 0.440 1.765 2.205 -1.325

51 9.265 7.950 0.658 1.722 2.380 -1.064

52 9.265 7.590 0.838 1.686 2.524 -0.848

53 9,265 6.805 1.230 1.607 2ý83? -0.377

54 9.265 6.965 1.150 1.623 2.775 -0.473

55 9.265 7.125 1.070 1.639 2.709 -0.569

56 9.265 7.285 0.990 1.655 2.645 -0.665

57 6.010 5.295 0,355 1.130 1.485 -0.775 0.338

58 9.095 8.385 0.555 1.748 2.103 -1.393 2.519

59 7.084 5.314 0.885 1.240 2.125 -0.355 +:.852- 0.556 1.0973

60 6.490 5.316 0.587 1.181 1.768 -0.594 0.358

61 9.095 7.950 0.572 1.704 2.276 -1.132

62 9.095 7.590 0.752 1.668 2.420 -0.916
63 9.095 7.200 0.948 1.630 2.578 -0.682
64 9.095 6.805 1.145 1.590 2.735 -0.445
65 9.095 6.965 1.065 1.606 2.671 -0.541
66 9.095 7.125 0.985 1.622 2.607 -0.637

67 9,095 7.285 0,905 1.638 2.543 -0.733
68 9.095 7.455 0.820 1.655 2.475 -0.835

69 6.010 4.950 0.550 1.096 1.626 -0.566 0.3538

70 9.010 7,950 0.530 1.696 2,226 -1.166 2.519

71 7.034 4.967 1.034 1.200 2.234 -0.166 +1.874 0.355 1.0949

72 6.488 4.968 0.760 1.146 1.906 -0.386 0.356
73 9,010 7.590 0.710 1.660 2,370 -0M950
74 9.010 7.200 0.905 1,621 2.526 -0.716
75 9.010 6.805 1.102 1.582 2.684 -0.480
76 9.010 6.965 1,022 1.598 2.620 -0M576 2,519 1.0101
77 9.010 7.125 0.942 1.614 2.556 -0.672 2.519
78 9,010 7.285 0.862 1.630 2.492 -0.768 2,519
79 9.010 7.455 0.778 1.646 2.424 -0,868 2.519
80 9.010 7.540 0.735 1.655 2.390 -0.920
81 6.010 4.670 0.670 1.068 1.738 -0.398 0.338
82 8.930 7.590 0.670 1,652 2.322 -0M982 2.519
83 8.930 7.200 0.865 1.615 2,478 -0.748 2.519
84 8,950 6.805 1.062 1,574 2.636 -0512 2,519
85 8.930 6.980 0.975 1.591 2.566 -M0.616 -0M569 2.,519 1.0108
86 8.930 7.125 0.902 1.606 2.508 -0.704 2.519 1.0203

87 8.950 7,285 0,822 1.622 2.444 -0.800 2.519 1.0203
88 8.930 7.455 0,739 1.638 2.376 -0.900 2.519

89 8.930 7.540 0,695 1.647 2.342 -0.952 2,519
90 8.950 7.620 0.655 1.655 2.310 -1o.x00 2.519

91 6.0iC 4.3G0 0.825 1.038 1.862 -0.212 0.338

92 8.850 7.200 0.825 1.605 2,430 -0.780 2.519
95 8.850 6.805 1.022 1.566 2.588 -0.544 2.519
94 8.850 7.140 0.855 1.599 2.454 -M0744 -0.654 2.519 1.0211
95 8.850 7.285 0.782 1.614 2.396 -0.832
96 8.850 7.455 0.698 1.630 2.328 -0.932
97 8.850 7.540 0.655 1,639 2.294 -0.984
98 8M850 7.620 0,615 1.647 2.262 -1.032
99 8.850 7,700 0.575 1.655 2.230 -1.080
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STRAIGHT TUBE WAVE ENGINE WITH RAf M = 0.65 (Cont-)

P: Q U W U+A U--A Ws S A2 /A1 P/Pe

100 6,010 4.050 0.980 1.,006 1,986 -0.026 0,338 0.6512

101 8,765 6.805 0.980 L,557 2,537 -0.,577 2.519 0.6512

102 8,765 7,155 0,805 1ý592 2,397 -0,.787 -0,697 2,519 1 0225 0,7620

103 6.010 4.330 0,840 1.0338 1,874 -0,194 -0.116 0.339 1,0278 0,7870

104 8.835 7J155 0,840 1,5992 2.439 -0.,759 2.519 1.0044 0,7870

105 8.765 7.455 0M655 1.622 2.,277 -_0967

106 8.835 7.455 0.690 1i629 2,319 -0,939 2,308 2.519 1,0043

107 6,010 4.560 0,725 1,057 1,782 -0.332 -0.192 0,341 1.0506

108 8,905 7.455 0,725 1.636 2,361 -0.911 2.519

109 7.000 4.686 1.157 1.169 2.326 -0,012 2.075 0.355 1.0946

110 6,488 4.687 0.,900 1,118 2.018 -0.218 0,356

111 6.975 4.376 1.300 1,,135 2,435 +0.165 2,190 0,,355 1.0945

112 6,487 4.376 1,056 1.086 2.142 -0,030 0,355

115 8.765 7.620 0.572 1.658 2.210 -1,066 2,519

114 8,840 7,620 0.610 1,646 2.256 -1..036 2.243 2,519 1,0049

115 8.905 7.620 0.642 1,,652 2.294 -1,010 2.519

116 8..765 7,,785 0.490 1.655 2.145 -. 1.165 2,519

117 8.845 7.785 0530 1,,663 2.193 -1,663 2.178 2.519 1i0048

118 8,845 7.705 0.570 1.655 2,225 -1.085 2.,519

119 8.905 7.705 0.600 1.661 2.,261 -1,061
120 8.905 7.645 0.615 1,655 2r.270 -1,040
121 6,.015 4,690 0.550 1,0705 1,.730 -0,410 0.344 1,0636 0.9958

122 8.940 7.620 0,660 1,.656 2,316 -0,996

12Z 8.940 7.705 0,.618. 1.664 2,282 -1..046

124 8.940 7ý610 0M665 1,655 2.520 -0,990

125 6.010 4.760 0,,625 1.077 1,702 -0,452 0,341

126 8.955 7.705 0.625 1.666 2,291 -1,041
127 8.955 7,.595 0.680 1,.655 2,335 -0,975

128 6.940 4.066 1.437 1.101 2,544 +0,341 2,304 0,355 1,0944 1,1966

129 6,010 4.,690 0.660 1,070 1.730 -0.410 0,33A 1. 0004

130 8M935 7.615 0.660 1..655 2.519 1.000

151 6,950 4..710 1,.120 1.166 2,286 -0.046 +0,122 0.359 1.0587 1.7735

132 6.950 .4.,710 1-120 1.166 2,286 -0.,046 +2,.049 0,359 1,0890 1,7735

133 6,.950 .4,780 1,085 1,173 2,258 -0:088 2,022 0.355 1,0888

134 6,.487 4.144 1.172 1.063 2,235 +0.109 0.355
135 6..495 4.735 0,.880 1.123 2.003 -0.,243 -.0,091 0.359 1.0564
136 6.495 4,.784 0.858 1.128 1,986 -0.270 0.359

157 5.840 5,.840 0 1,168 1,168 -1.,168 0.309 1.9241

1-8 5.886 5,504 0.291 1.119 1,410 -0,.828 0.348
139 5.886 4.959 0.464 1.084 1,548 -0,620 0,348
140 5.-,997 4.6ý9 0,,604 1.,059 1.665 -0.455 0,358

241 5.891 4,379 0,759 1.028 1..787 -0.269 0.358

142 5,540 5,.540 0 1.1078 1.108 -1,108 0.309 1.3283

143 5,.553 5.274 0,140 1.083 1,223 -0,943 0,321
144 5.582 4,959 0.512 1.054 1.366 -0.,742 0,.348
145 5.582 4,.679 0,452 1,026 1.478 -0,574 0,348

146 6.050 6.050 0 1.210 1,210 -1,210 0,377 1.1308 2,2430

147 6,.012 4,725 0.644 1.074 1.718 -0.450 0.341 1_0225

148 6.,940 4,,738 1.101 1.168 2.269 -0.,067 +2,029 0,355 1.0875 1.8055

149 6.048 6.050 -0,001 1.210 1,209 -1.211 0,376 1.1266 2.2448

150 6.,971 6..059 0.456 1,305 0,383 1,1160 3.7439

151 6,.976 -6.064 0.456 1,504 0.386 1.0779 3,7439
195 -
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STRAIGHT TUBE WAVE ENGINE WITH RAM M = 0.65 (Cont)

o. P Q U A U+A U-A Ws S A2 /A1 P,!Po

152 6,049 6.049 0 1,2098 1,210 -1.210 0,377 2.2430
153 6,976 6,058 0,459 1,3034 1.762 -0,.844 +1,518 0.,387 1.0768 3.7171

154 6ý990 6.990 0 1.598 1,,398 -1.398 -1.159 0.395 1,0728 6.0117
155 6.495 4.770 0,862 1,126 1.996 -0.242 0,359
156 6.526 6.062 0M252 1.259 1491 -1.027 -0.709 0.388 1.1181 2.9126
157 6.526 6.060 0.233 1,259 1i492 -1026 0.388 2,9126
158 6.540 6.,970 -0.215 i.351 1,136 -1,566 -1,331 0,396 1,0731 4 7190
159 61,539 6,539 0 1.3078 1,3078 -1.308 0,395 3.,7638 2,2006

171. 6.,251 4.180 1.035 1,043 2.074 -0,005 0,356
172 6,255 4,760 0,748 1.102 1.850 -0,354 -0,205 0.360 1,0566
173 6,,288 6.062 0,113 1,235 1,348 -1,122 - .799 0,390 1.1207
174 6,.286 6.060 0.113 1,235 1,.348 -. 1.122 0.388 1.1841
175 6.295 6.93n -0.318 1,,322 1,,004 -1.640 -1,410 0.595 1,0704
176 6,.295 6.539 -0.3122 1.283 1.161 -1,405 03,95
177 6,295 6,295 0 1,259 1,259 -1.259 0,395 2.8844
178 6,074 4.240 0.917 1.031 1.948 -0,114 0,556
179 6.172 6.138 0.017 1.231 1.248 -1,248 -0-784 0.452 1,1940
180 6,158 6.125 0,016 1,228 1.244 -1,212 0.441 2,2712
181 6.166 6,977 -0,406 1.314 0,908 -1.720 -1.497 0.448 1.0700 3.6114 2.,0916
182 -0.222 1,303 0.395 3.6679 2,1604
183 -0.037 1,3005 0,,395 3..6192 2.1399
184' 0 1.,299 0.395 3.5901 2.,1276
185 5.340 4.930 0.205 1.027 1,232 -0,822 0
186 5..670 5,.260 0.205 1.093 1.298 -0,888 01309
187 5,.420 4.930 0.245 1.035 1,280 -0.790 0
188 5ý.713 4.959 0,377 1.067 1.444 -0.690 0.548
189 5.420 4,810 0.305 1,,023 1.328 -0.718 0
190 5,750 5.140 0,305 1-.089 1.394 -0.784 0.509
191 5.763 4.930 0.416 1.069 1i485 -0M653 0.,21
192 5.490 4.810 0.340 1i030 1,370 -0,690 0
193 5.480 4.660 0.440 1.008 1.458 -0.558 0
194 5.800 4.917 0.440 1ý072 1,523 -0.623 0.,309
195 5,895 4.280 0.,808 1,018 1.827 -0.207 0,356
196 5,990 6,138 -0O074 1,213 -0,862 0,449 1.,1916
197 5,582 4,.524 0.529 1.011 1,540 -0,,482 0.348
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